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Abstract
Thermoelectric generators are solid state machines used to convert temperature
gradients into electrical energy. They are formed by several thermoelectric units
connected electrically in series and thermally in parallel. These units are made
by creating a junction between a p-type and an n-type conductor. This investi-
gation documents the characterisation of the thermoelectric properties of carbon
nanotube (CNT) films and the fabrication process of carbon nanotube-based ther-
moelectric devices.
The Seebeck coefficient is a intrinsic property of a thermoelectric material
that correlates the voltage produced by a conductor and the temperature gradient
applied to it. To measure the Seebeck coefficient of films, an experimental set-up
was fabricated and calibrated using constantan as standard material. CNT films
of aligned nanotubes fabricated using a chemical vapour deposition method were
analysed. The Seebeck coefficient along and across the samples did not show
significant variations, with values between 40 µV/K and 80 µV/K.
Using these CNT films, thermoelectric cells were fabricated with the CNT as
the p-type conductor and constantan as the n-type. As a proof of concept, two
hand-made thermoelectric generators were assembled by connecting hundreds of
these thermoelectric cells. These devices were subjected to a temperature gradient
of ≈200 K, which was enough to produce enough power to light an LED.
Other analytical techniques were used to characterise the materials used in
this work. Electrical conductivity measurements, thermogravimetric analysis,
Raman spectroscopy and scanning electron microscopy were performed.
Using a deposition technique, films of nanotubes were produced from a liquid
phase. The impact of the production method on their properties was evaluated.
Characterisation equipment was developed to measure the Seebeck coefficient and
thermal conductivity. Thermoelectric devices made with the carbon nanotube
films were fabricated and characterised.
The values of thermal conductivity of the CNT films analysed in this work
are between 0.86 W m−1 K−1 and 123.25 W m−1 K−1. The electrical conductivity
of these materials is between 3500 S m−1 and 14 100 S m−1. The maximum figure
of merit of the carbon nanotube thermoelectric devices fabricated in this work is
ZT = 0.35.

To my parents Tomás and Verónica
and to my siblings Irving and Pamela,
with love and gratitude

Acknowledgements
I want to express my gratitude to all my colleagues, friends,
and family. This accomplishment would have not been possible
without their continuous support and encouragement.
I would specially like to thank my supervisor Dr. Krzysztof
Koziol. I am thankful for introducing me to this challenging but
rewarding topic. I am very grateful for the trust you placed in
me and for your guidance in the development of my own ideas.
Thank you for helping me bring this project to a satisfactory
conclusion.
I am very thankful to the Cambridge trust and to CONACYT
for their support. Concluding my PhD was only possible with
the sponsorship of these institutions.
I want to express my sincere gratitude to Dr Gari Owen for
his support during these years, for his help in getting the neces-
sary funds to start this project. Most importantly I would like
to thank him for his engagement with the project, for all the
fruitful discussions that encouraged me to pursue new ideas.
I will always be grateful to my parents and siblings for their
continuous love and support. Thank you for being there for
me. I want to thank my friends Alejandro, Armando and Oliver
who are always there to talk with me about - everything. Steffi,
thank you for reading my work and for all your advices, you are
an amazing friend. Karol and Ola, thank you for your endless
company and support, you have been my family in England. To
my friends Peter, Clara, Craig, Kasia, Enrique and Daniela, you
all are what have made Cambridge my home. Fernando, Liz,
Ricardo, José and all my friends in Mexico, thank you for all
your thoughts and care. Magda - with love and patience you have
motivated me to complete my PhD. I feel joy and excitement as







List of figures v
1 Introduction 1
1.1 Thermoelectric phenomena . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Thermoelectric theory . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Thermoelectric materials . . . . . . . . . . . . . . . . . . . . . . . 14
1.4 Carbon nanotubes as thermoelectric materials . . . . . . . . . . . 17
2 Thermoelectric films 19
2.1 Experimental set-up . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2 Constantan films . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.3 Carbon Nanotube Films . . . . . . . . . . . . . . . . . . . . . . . 30
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3 Thermoelectric device 41
3.1 Device design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2 Device manufacture . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4 Carbon nanotube dispersions 53
4.1 Theoretical background . . . . . . . . . . . . . . . . . . . . . . . 54
4.2 Surfactants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.2.1 Experimental section . . . . . . . . . . . . . . . . . . . . . 61
iii
Contents
4.3 Effects of sonication . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.3.1 Experimental section . . . . . . . . . . . . . . . . . . . . . 71
4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5 Carbon nanotube N-doping 77
5.1 Nitrogen doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
6 Carbon nanotubes thermal properties 87
6.1 Thermal conductivity set-up . . . . . . . . . . . . . . . . . . . . . 88
6.2 Thermal stability . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
6.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
Summary of characterisation techniques 100
7 Printed thermoelectric devices 103
7.1 3D printing system . . . . . . . . . . . . . . . . . . . . . . . . . . 103
7.2 Printed thermoelectrics . . . . . . . . . . . . . . . . . . . . . . . . 108
7.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117




1.1 Diagram of a thermocouple . . . . . . . . . . . . . . . . . . . . . 5
1.2 Absolute Seebeck coefficient of platinum . . . . . . . . . . . . . . 8
1.3 Comparison between the Fermi level of a p-type and an n-type
semiconductor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.4 Diagram of the carrier concentration of a semiconductor . . . . . 15
1.5 Figure of merit of selected materials . . . . . . . . . . . . . . . . 17
2.1 Diagram of the experimental set-up to measure the Seebeck coef-
ficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.2 Seebeck coefficient measurement set-up software interface . . . . . 24
2.3 Seebeck set-up sample holder scheme . . . . . . . . . . . . . . . . 26
2.4 Plot of the Seebeck coefficient of constantan in terms of the tem-
perature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.5 Seebeck coefficient of constantan at different temperatures . . . . 28
2.6 SEM image of the interface between CNTs and silver paint . . . . 31
2.7 SEM image of the transversal section of the CNT film - silver paint
system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.8 Seebeck coefficient of five different carbon nanotube films . . . . . 33
2.9 Seebeck coefficient of carbon nanotubes films measured for differ-
ent nanotubes orientations . . . . . . . . . . . . . . . . . . . . . . 34
2.10 Plot of the absolute value of the Seebeck coefficient of various
semiconductors and metals . . . . . . . . . . . . . . . . . . . . . . 35
2.11 3D-Plot of the Seebeck coefficient of different materials . . . . . . 36
2.12 Power Factor of TE materials at different temperatures . . . . . . 37
2.13 Power Factor per unit of mass of the TE materials at different
temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.1 Diagram of a thermoelectric unit cell and a thermoelectric generator 42
v
List of figures
3.2 Diagram of a thermoelectric unit cell formed by joining a CNT
film to constantan. . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.3 Diagram of a thermoelectric layer composed by seven thermoelec-
tric units electrically connected in series. . . . . . . . . . . . . . . 44
3.4 Image of patterns cut in the constantan foil and CNT films using
a laser cutter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.5 Image of a thermoelectric layer comprising seven thermoelectric cells 46
3.6 Picture of the thermoelectric devices formed by 10 thermoelectric
layers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
3.7 Picture of the CNT and constantan thermoelectric device . . . . . 48
4.1 Debundling process of the CNTs . . . . . . . . . . . . . . . . . . . 58
4.2 Drop of a CNT dispersion deposited on a glass slide . . . . . . . . 62
4.3 CNTs dispersions centrifuged at 220 Hz . . . . . . . . . . . . . . . 63
4.4 Thermal decomposition curve of a CNT and SDBS dispersion in
water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.5 Thermal decomposition curve of a dried sample of CNT and SDBS 66
4.6 Thermal decomposition curve of SDBS . . . . . . . . . . . . . . . 67
4.7 Thermal decomposition curve of as-grown CNT carpets . . . . . . 67
4.8 Deconvolution of the thermal decomposition peaks of a CNT and
SDBS sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.9 Surfactant and CNT concentration of dispersions with varying ini-
tial surfactant mass fraction . . . . . . . . . . . . . . . . . . . . . 69
4.10 Evolution of the sonication power output . . . . . . . . . . . . . . 72
4.11 Cumulative length distribution of CNTs . . . . . . . . . . . . . . 73
4.12 Differential length distribution of MWCNTs . . . . . . . . . . . . 73
5.1 SEM and optical microscope images of N-doped carpets . . . . . . 79
5.2 Raman spectra of nitrogen doped CNT carpets grown using ben-
zylamine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.3 Raman spectra of as-grown MWCNT and N-doped MWCNT carpets 81
5.4 Raman spectra of N-doped MWCNT dispersions . . . . . . . . . . 83
5.5 SEM images of N-doped MWCNT dispersions . . . . . . . . . . . 83
6.1 Diagram of the set-up used to measure thermal conductivity . . . 89
6.2 Image of the thermal conductivity set-up holder . . . . . . . . . . 90
6.3 Plot of the evolution of temperature inside the thermal conductiv-
ity set-up chamber . . . . . . . . . . . . . . . . . . . . . . . . . . 91
vi
List of figures
6.4 Calculation of the thermal conductance of two CNT samples . . . 92
6.5 Measurement of the thickness of a film using a profilometer . . . . 94
6.6 Change of resistance with temperature of a CNT sample . . . . . 96
6.7 Breaking temperature of a CNT conductive track . . . . . . . . . 96
7.1 3D printing set-up . . . . . . . . . . . . . . . . . . . . . . . . . . 104
7.2 Effect of the deposition rate in the printing process of CNT dis-
persions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
7.3 Nozzle of the printing system and deposition on different substrates105
7.4 ECNM pattern printed using a CNT dispersion. . . . . . . . . . . 106
7.5 FIB image of the cross sectional area of a CNT dispersion . . . . 107
7.6 Plot of the resistance of a CNT deposition as a function of the
weight of the sample . . . . . . . . . . . . . . . . . . . . . . . . . 107
7.7 Thermoelectric device made of a printed CNT solution on constantan108
7.8 Analysis of the heat distribution on a CNT track . . . . . . . . . 109
7.9 Voltage evolution over time and temperature of three CNT ther-
moelectric cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
7.10 Power produced by a thermoelectric cell connected to a circuit load111
7.11 Power produced by a thermoelectric cells in a closed-circuit con-
figuration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
7.12 Comparison of the power produced by two thermoelectric devices 113
7.13 Power output in terms of the temperature difference . . . . . . . . 114
7.14 9-junction CNT thermoelectric device printed on a flexible substrate115




Carbon nanotubes (CNTs) are materials that have been widely researched over
the past decade due to their interesting electrical, thermal and structural prop-
erties. CNTs are sought to replace or at least to upgrade some of the classic ma-
terials used in electronics and reinforcement applications [1]. In this dissertation,
the use of carbon nanotubes as thermoelectric materials is investigated. Their
properties and their application in the generation of energy from heat sources is
discussed.
The aim of this work is to develop techniques and equipments to characterise
the thermoelectric properties of CNT-based macroscopic materials. The fabrica-
tion of prototypes that demonstrate the use of nanotubes in energy generation is
also within the scope of this work.
This first chapter discusses the thermoelectric theory, thermoelectric materi-
als and their applications. In the second chapter the fabrication of a set-up to
characterise the Seebeck coefficient of thermoelectric films is reported. This chap-
ter also deals with the research on the Seebeck coefficient of constantan films, a
classic thermoelectric material. The characterisation of the Seebeck coefficient of
carbon nanotube films is also reported in this chapter. Using these materials the




In chapter four, the processing of carbon nanotube dispersions is investigated.
The purpose of preparing CNT dispersions is to fabricate CNT thermoelectric de-
vices using printing technology. Chapter five describes the fabrication of nitrogen
doped CNT dispersions. These materials are then used to fabricate n-type semi-
conductors from the CNT dispersions.
In chapter six the fabrication of a set-up for the characterisation of the ther-
mal conductivity of CNT films is presented. In this chapter the electrical stability
of the CNT materials is also researched. In chapter seven the development of a
3D printing set-up is presented. The purpose of constructing this device was to
develop a scalable method that can be used to manufacture CNT-based ther-
moelectric devices. In this final chapter, a fully printed thermoelectric device is
demonstrated and characterised.
1.1 Thermoelectric phenomena
Thermoelectric phenomena are related to the conversion of thermal energy into
electrical energy or the conversion of electrical energy into thermal energy. These
phenomena can be observed in any electrically conducting or semiconducting
material and are fully described by three related thermoelectric mechanisms; the
Seebeck, Peltier and Thomson effects.
The first evidence of a thermoelectric effect was observed in 1821 by Thomas
Seebeck, who reported a phenomenon which he described as “Magnetic polarisa-
tion of metals and ores produced by a temperature difference” [2]. He realised that
a magnetised needle suspended near to a closed loop formed by two dry dissimilar
metals was deflected when a temperature difference existed between the ends of
the circuit. Seebeck did not understand the true nature of the phenomenon and
concluded erroneously that the effect was caused by magnetic interactions and,
trying to prove his hypothesis, he attempted to relate the Earth’s magnetism to
the temperature difference between the equator and the polar ice cap [3]. Based
on Seebeck’s account of his experiment, it is now known that what he observed
was caused by thermoelectric currents arising in the closed circuit formed by
the junction of the conductors; these currents were caused by the temperature
difference between the junctions.
Despite Seebeck’s erroneous conclusions, an important contribution of his
work lies in the thorough characterisation he made of the effect in different mate-
rials. He compiled a considerable amount of experimental data and summarised
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it in a series in which he classified a great variety of solid and liquid metals,
alloys, minerals and semiconductors according to the magnitude of the product
α · σ, where α is the Seebeck coefficient and σ the electrical conductivity. The
Seebeck coefficient is an intrinsic transport property of any conductor material.
Expressed in V/K, or more commonly in µV/K, it defines the strength of the
Seebeck effect.
Correctly defined, the Seebeck effect refers specifically to any electric potential
that results from the creation of a temperature gradient between the ends of
an electrically conducting material. This effect is a voltaic phenomenon which
occurs both in opened and closed circuits as well as in individual materials (not
necessarily connected to an electric circuit), which means that the effect does
not necessarily depend on the junction of dissimilar conductors. The Seebeck
effect is the only thermoelectric effect that produces electrical energy. It creates
an electromotive force that can drive the electric currents needed to produce the
other thermoelectric effects.
A few years after Seebeck’s finding, Peltier discovered a cooling and heating
effect which takes place when a current passes through the junction of two dif-
ferent conductors [4]. He observed that when passing current in one direction
through a bismuth - antimony junction, the vicinity of the boundary formed by
the two materials was immediately cooled. Then, when he reversed the direction
of the current passing through the same junction, he noted that the junction
irradiated heat to its surroundings. This phenomenon is named Peltier effect
and it relates the generation or absorption of heat at the junction formed by two
dissimilar conductors. When the conductors form a closed circuit, a temperature
difference between the junctions produces an electric current; if in turn, an exter-
nal current is passed throughout the circuit, a temperature difference is created
at the junction.
This effect is closely related to the Seebeck and despite the fact that Peltier
was using a thermoelectric device as a source of weak currents, he did not realise
the relationship to Seebeck’s findings. Peltier was attempting to prove through his
experiments that heat generation by current (Joule-Lenz law) was only possible
using strong currents. He could not prove this hypothesis and instead found that
the strength of the effect was determined by the nature of the metals at the
junction. A definite proof that the effect was indeed related to the thermoelectric
properties of the materials was provided by Lenz, who placed a drop of water
at the junction of bismuth and antimony rods. He showed that to freeze 1 g of
3
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water it is necessary to remove 80 calories and that to melt the same amount
of ice, 80 calories must be supplied. This made it clear that depending on the
direction in which an electric current is applied, heat can be either generated
or absorbed. The rate of heat transport at the junction is proportional to the




Where QΠ is the heat transport at the junction and Π is the Peltier coefficient [5].
This coefficient is an inherent transport property of an individual material and
it represents the irreversible thermal change produced at the junction when one
Coulomb passes through it. The Peltier effect arises from the difference between
the entropies of the conductors forming the junction, which itself manifests as
the rate at which heat can be transported in the material. This difference causes
heat to be absorbed or dissipated at the junction when current is flowing through
it [6].
The third and last thermoelectric effect is the Thomson effect, named after
William Thomson (Lord Kelvin) who, through a thermodynamic analysis of the
conversion of thermal to electrical energy in the Seebeck and Peltier effects, estab-
lished the relationship between these two processes and predicted the existence
of a complementary effect for electrically conducting homogenous materials [7].
He analysed a thermoelectric closed circuit formed by two dissimilar conductors
which joined ends were at different temperatures (Figure 1.1). He then realised
that taking only into account the contributions of the Seebeck and Peltier effects,
an expression defining the energy of the thermoelectric circuit as a linear function
of temperature could be derived. This expression though, did not agree with the
non-linear behaviour observed in thermocouples. To solve this discrepancy, he
proposed an additional thermal change taking place in the individual thermoele-
ments when they were subject to a temperature gradient. Some years later he
proved the existence of his predicted effect by applying an external current to
the thermoelectric circuit and observing an increase or decrease of the local heat
(IR2) in the thermoelements.
The Thomson effect is a reversible process concerning absorption or dissipa-
tion of heat in a single homogeneous conductor when current flows through a
temperature gradient along the conductor. This effect is caused by the change in
the potential energy of the carriers when they move in the same or in opposite






Figure 1.1: Diagram of a thermocouple formed by dissimilar conductors A and B with the
junctions at different temperatures.
against the temperature gradient they absorb thermal energy increasing their po-
tential energy; but when they move in the same direction as the gradient their
potential energy decreases and energy is released [8]. These changes in the en-
ergy content of the material are known as the Thomson effect. The rate at which
the heat exchange takes place due to the Thomson effect is proportional to the





Where Qτ is the heat exchange, τ is the Thomson coefficient, I is the current flow-
ing through the conductor and dT/dx is the temperature gradient. The Thomson
coefficient represents the energy change in the conductor per unit current and per
unit temperature gradient along the conductor. Similarly to the Peltier effect,
the Thomson effect is proportional to the current passing through the conductor
regardless of whether the current is induced by thermoelectric effects in the circuit
or if it is externally supplied. It is important to note that if there is no current
flowing through the circuit, the Thomson and Peltier effect will not occur.
Thermoelectric circuits found their first applications in thermometry where
they are used mainly as thermocouples. The possibility of using the thermo-
electric phenomena as an alternative source of energy was firstly addressed by
Lord Rayleigh, who calculated the efficiency of a thermoelectric generator [9].
The problem was retaken some time later by Altenkirch, who developed a cor-
rect theory of thermoelectric cooling and power generation [10, 11]. Altenkirch’s
theory showed that the efficiency of a thermoelectric device was related to the
Seebeck coefficient, the thermal conductivity (λ) and electric conductivity of the
thermoelements. He defined a parameter known as the figure of merit which em-








where α is the aforementioned Seebeck coefficient, σ the electrical conductivity, λ
the thermal conductivity and Z is the figure of merit. Equation 1.3 is extremely
important and is the basis of the practical implementation of the thermoelectric
effect.
During the first years of thermoelectricity the research was focused on metals
and alloys. These materials have Seebeck coefficients of less than 10 µV/K which
lead to efficiencies of approximately 1 % [12]. Since in metals the ratio between
the thermal and electrical conductivity is governed by the Wiedemman-Franz
law, which states that it is not possible to increase the electrical conductivity
without increasing the thermal conductivity, the room for improving the figure of
merit of metal-based thermoelectric generators is very limited. For this reason,
the research in thermoelectric generation waned for several years [13, 14].
The interest in thermoelectric power generation was renewed by the discovery
of large Seebeck coefficients in synthetic semiconductors (≈100 µV/K), which
lead to the development of thermoelectric generators with efficiencies of 5 % [15].
Parallel to this, Ioffe developed a theory for semiconductors as thermoelements,
predicting that heavily-doped semiconductors would have larger figures of merit
[16]. Since then, it is clear that a successful application of thermoelectricity in
power generation depends on understanding and controlling the factors affecting
the thermoelectric properties of the different materials.
1.2 Thermoelectric theory
A thermodynamic analysis of thermoelectric phenomena provides a basic under-
standing of the relationship between the three thermoelectric effects. It is also
a first approach to describe the properties observed in real thermoelectric cir-
cuits or thermocouples. Whereas this is useful to develop a model which takes
into account the influence of the carriers on the thermoelectric properties of the
material, it is necessary to follow an approach based on solid-state physics. In
this section, the basic thermodynamic treatment of the thermoelectric effects is
presented; this will lead to the fundamental thermodynamic theorem of thermo-
electricity which summarises the interaction between the Seebeck, Peltier and
Thomson effects. Following this development, the thermoelectric coefficients are
derived using concepts of solid-state physics and quantum mechanics, which will
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provide a better insight into the factors affecting the thermoelectric properties of
different kinds of materials and will give an explanation of why certain materials
are better thermoelements than others.
The thermocouple shown in Figure 1.1 is the simplest thermoelectric circuit
and it is one of the most widely used electrical sensors. The voltage generated
when a temperature difference is created between its junctions is the relative See-
beck electromotive force. Whenever the thermoelectric properties are associated
to more than one independent material they are referred as relative. Although
practical applications only make use of relative properties, which means that
thermoelectric circuits are always formed at least by two thermoelements, the
Seebeck characteristics also appear in individual materials. These properties of
single conductors, which occur independently of any junction to another material,
are known as absolute Seebeck characteristics and are important in practical and
theoretical applications. Understanding the absolute characteristics can help to
shed light into the electronic mechanisms governing the thermoelectric properties
of materials and also helps in selecting good configurations of paired thermoele-
ments.
If the ends of single homogeneous conductor are placed at different temper-
atures, a net Seebeck electromotive force (emf ) will occur between the ends of
the material, this is known as the absolute Seebeck emf (ASE). A change in the
temperature gradient between the ends will produce a corresponding change in
the ASE. The ratio between the change in ASE and the change in temperature





where α(T ) is the absolute Seebeck coefficient and Eα(T ) is the ASE as a function
of temperature (T) [17].
As stated in the equation, this coefficient and the emf are not constant quanti-
ties, they are a function of temperature. An example of this non-linear behaviour
can be seen in the plot of the absolute Seebeck coefficient of platinum at different
temperatures shown in Figure 1.2. The Seebeck coefficient is the local slope of
the curve defined by the emf at different temperatures. In any real material, the
Seebeck emf does not vary linearly with temperature, but for very small temper-
ature ranges it can be assumed to be a linear function, which in practice permits
the calculation of the Seebeck coefficient as the measured emf (Eα) divided by
7
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Figure 1.2: Absolute Seebeck emf and absolute Seebeck coefficient of pure platinum [18].




where T2 is the temperature at the hot side of the thermoelement and T1 is the
temperature at the cold side.
If any two points defining a non-isothermal segment of the homogeneous con-
ductor are considered, where the temperature gradient between these points is





where the integral defines the absolute Seebeck emf produced by the conductor
segment. This means that the net Seebeck emf measured between the end points
of an homogeneous conductor can be interpreted as the sum of all the emf contri-
butions of a series of adjacent non-isothermal segments forming the segment. The
importance of this statement lies in the fact that it provides a tool to analyse
inhomogeneous materials, since the overall Seebeck emf of a non-homogeneous
conductor can be treated as the sum of all the Seebeck emf produced by a series
of connected homogeneous segments forming the inhomogeneous material [6].
The relationship between the three thermoelectric effects can be obtained
8
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analysing the thermoelectric circuit shown in Figure 1.1. Since the circuit is
composed by two dissimilar conductors A and B, the thermoelectric properties
of the system are relative Seebeck characteristics. If the temperature at the
junctions is maintained as T for the colder junction and T + ∆T in the hotter
junction, the relative Seebeck emf generated in the circuit (EAB) is expressed in





Since it is assumed that a unit of current is passing throughout the circuit, the
other two thermoelectric effects will also take place. The energies associated to
the Peltier and Thomson effect can be expressed as the thermal exchanges within
the circuit. In the case of the Peltier effect, the heat absorbed at the hotter
junction is given by ΠAB(T +∆T ) and the heat liberated at the colder junction
is −ΠAB(T ). For the Thomson effect, the heat exchange occurs throughout the
conductors A and B; the heat absorbed by the conductor B is τB(∆T ) and the
heat liberated by the conductor A is −τA(∆T ).
If the irreversible thermal losses produced by Joule heating (IR2) are ne-
glecteda, the thermoelectric circuit can be approximated as a reversible heat en-
gine and the energy balance of the system can be written as
dEAB
dT
∆T = ΠAB(T +∆T )− ΠAB(T ) + (τB − τA)∆T. (1.8)
Where dEAB/dT is the relative Seebeck coefficient, ΠAB is the relative Peltier
coefficient and τA and τB are the Thomson coefficients of the thermoelements [8].
Again, this equation assumes a unit of current in the circuit.
Dividing Equation 1.8 by ∆T and considering an infinitesimal change in tem-






ΠAB(T +∆T )− ΠAB(∆T )
∆T
)






+ (τB − τA), (1.10)
where dΠAB/dT is the instantaneous rate of change of the Peltier effect in relation
to the temperature [8].
aConsidering that the electrical resistance of a thermocouple is small, less than 10 Ω, the
irreversible heat loss will be less than 10−5 W. Thus it can be neglected [5].
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This equation is the fundamental thermodynamic theorem of thermoelectric-
ity, it states the energy relationship between the Seebeck, Peltier and Thomson
effects. It should be noted that the derivation of this equation was made for a
closed circuit and that it was assumed a unit of current is flowing through it. In
the case of an open circuit when there is no current present, only the Seebeck
effect occurs; the Thomson and Peltier effect are current dependent. Therefore
this equation is not valid for open circuits and shows that the Seebeck effect
should not be regarded as the algebraic sum of the Peltier and Thomson effects
but rather as the driving force for the currents that give rise to the latter effects
in the case of closed circuits.
While the previous equations describe the observed thermoelectric phenom-
ena, their derivation assumed a thermoelectric circuit and the flow of electric
current. Considering the fact that the Seebeck effect is independent of the cur-
rent and that it can also occur in isolated conductors, these equations cannot
be regarded as the most fundamental description of the phenomenon. Thus, a
more general approach is required to understand the properties of thermoelectric
materials.
In broad terms, the distribution of the carrier in an homogeneous and isother-
mal conducting material can be considered uniform, with the carriers evenly dis-
tributed over the volume of the material. The charge distribution associated with
the carriers is also evenly distributed but this distribution is temperature depen-
dent, which means that if the temperature of the material is not uniform, the
charge distribution will also not be uniform. The accumulation of charge in some
parts of the body will cause a reduction of charge carriers in other parts of the
material and this will modify the equilibrium of the electric potential in the body.
This potential difference caused by the non-uniform temperature distribution in
the material is the source of the Seebeck electromotive force.
In a non-isothermal segment of a conducting material, the temperature differ-
ence will cause the more energetic carriers to move from the hotter to the colder
side, decreasing their kinetic energy whilst they move through the temperature
gradient. This movement of charge creates a potential difference Epd between the
ends of the conductor. A second potential difference related to the temperature
change arises in the material. This potential is induced by the difference in the
Fermi energy between the hot and cold side of the conductor. The Fermi energy
is a function of temperature, it increases from the hot to the cold side creating
a second potential difference Ef [19]. The net emf created by the temperature
10
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where ∂Epd/∂T represents the rate of change of the electric field created by the
carrier movement in relation to the temperature and ∂Ef/∂T is the change rate
of the potential created by the difference in Fermi energy along the conductor in
relation to temperature. This equation shows that the absolute Seebeck coefficient
(Equation 1.4) is the sum of these two effects.
The first contribution to the absolute Seebeck coefficient is induced by the
carrier density difference between the hot and cold ends and it is denoted as αpd.
The electric field Epd at equilibrium is given in terms of the carriers by
neEpd∂x = ∂P, (1.12)
in which n is the number of carriers, e is the elementary electron charge and
∂P/∂x is the rate of change of the “pressure” of the carrier gas along the ther-
moelement [5]. Using this expression the potential dependence on temperature










The second contribution to the potential difference is denoted as αf and can









where ∂EF/∂T represents the change of the Fermi energy in relation to temper-
ature [17].














This is a general expression which is derived taking only into account the
effects induced by the movement of the carriers in the material, thus it is valid













Table 1.1: Absolute Seebeck coefficient of electrically conducting materials [5, 8, 12, 16].
Thermoelement Carriers’ energy Seebeck coefficient
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(2 + x)− ∆E
kBT
]
⟨E⟩: Average carrier energy. EF : Fermi energy. kB: Boltzmann constant. α: Seebeck coefficient.
A, A′: Parameters to account for the electron model used to derive these equations.
E0 − EF : Energy range of unfilled portion of the d band.
∆E: Energy range between the band edge (conduction or valence band) and the Fermi energy.
x: Parameter to differentiate between phonon or impurity scattering.
for any electrical conductor. This equation shows the dependency of the inherent
thermoelectric properties of the material on the Fermi energy, which varies from
one kind of conductor to another. This gives a point of reference to evaluate and
compare the thermoelectric properties of normal metals, transition metals and
semiconductors.
Using Equation 1.15 specific expressions for Seebeck coefficient of metals and
semiconductors can be derived. This equation is composed of two terms, the first
one is a function of the pressure. This pressure is induced on the gas of carriers by








where N is Avogadro’s number, V the volume, kB the Boltzmann constant, n
is the number of carriers per unit volume and ⟨E⟩ is their average energy [5].
Substituting this equation and the corresponding expression for the energy of
the carriers given in Table 1.1 into Equation 1.15, the equations for the specific
Seebeck coefficient of the different conductors can be obtained. Table 1.1 sum-
marises the results of these substitutions; the detailed derivation procedure of
these equations can be found elsewhere [5, 8, 12, 16].
The difference between metals, transition metals and semiconductors is due
to the specific electrical conduction mechanisms occurring in each material. In
the case of normal metals, the conduction is purely by electrons. In transition












Figure 1.3: Simplified diagram comparing the Fermi levels of an n-type and a p-type semi-
conductor. For n-type materials the Fermi level is positioned closer to the conduction band. In
the case of p-type materials the Fermi level is closer to the valence band [20].
conductivity of the material.
Transition metals are characterised by the incompleteness of their d-bands
and by the partially filled outer s-valence levels. The empty states in the d-band
can be treated as positive charges or holes. The conductivity of the material can
then be described by the behaviour of the positive charges. The energy of the
unfilled states measured with reference to the top of the d-band (E0) is (E0−EF ).
This factor is present in the equations describing the energy of the carries and
affects directly the magnitude of the absolute Seebeck coefficient of the material
(Table 1.1). A simple analysis of these equations shows why transition metals
are preferred in thermoelectric applications over normal metals. The values of
(E0 − EF ) for transition elements are very close to 1 eV, which compared to the
magnitude of the Fermi energy of a noble metal (≈6 eV) will lead to absolute
Seebeck coefficients of transition metals at least twice larger than those of noble
metals [8].
In the case of semiconductors, the type of conduction depends on the position
of the Fermi level. The closer the Fermi level is to the conduction band, more
energy levels of the band are filled causing n-type conduction (Figure 1.3). If
the Fermi energy lies close to the valence band, the probability of conduction
by positive charges increases, causing a p-type behaviour [20]. Looking at the
equation of the absolute Seebeck coefficient for semiconductors, where x takes
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values of 1 or 3 depending on the carrier scattering mechanismc, it is possible
to see why semiconductors have much larger Seebeck coefficients than metals.
Considering that in semiconductors the energy ratio ∆E/kBT ≫ 1, the absolute
Seebeck coefficient of these materials is in the range of mV/K as opposed to µV/K
in metals.
A final note on the Seebeck coefficient equation for semiconductors concerns
the sign of the carriers. When the semiconductor is an n-type material, the
charge of e is negative and so is the Seebeck coefficient. The opposite holds true
for p-type semiconductors.
From the previous discussion, it is clear that modifications to the Fermi energy
level will have a direct impact on the magnitude of the absolute Seebeck coefficient
of transition metals and semiconductors. In transition metals, modifications of
the Fermi energy level can result by alloying or impurity inclusions in the material.
In semiconductors, the carrier concentration is the main factor affecting the Fermi
energy level; modifying the stoichiometry of the particular semiconductor or the
addition of impurities will change the carrier concentration [21].
1.3 Thermoelectric materials
In a previous section it was stated that the figure of merit (Equation 1.3) is the
parameter that defines the desired properties of thermoelectric materials. Ac-
cording to this figure, a good thermoelectric material not only should posses a
large Seebeck coefficient, but also a low thermal conductivity combined with a
high electrical conductivity. A low thermal conductivity will avoid heat leakage
between the hot and cold side of the thermoelements, maintaining the tempera-
ture gradient. A large electrical conductivity implies lower resistivity, which will
reduce the heat losses produced by Joule heating. The figure of merit has dimen-
sions of K−1, therefore it is rather quoted as the dimensionless parameter ZT .
The enhancement of the thermoelectric properties of a material depends solely
on the optimisation of the three parameters determining the figure of merit [22].
The electrical conductivity and the Seebeck coefficient are a function of the
Fermi energy level, which in turn is a function of the carrier concentration [23,
24]. The relationship between the Seebeck coefficient, the thermal and electrical
conductivity and the carrier concentration is shown schematically in Figure 1.4.
The expression α2σ in Equation 1.3, is known as the power factor. This quantity












Figure 1.4: Dependence of the electrical conductivity σ, Seebeck coefficient α and thermal
conductivity λ on the concentration of carriers. λT is the total thermal conductivity which is
the algebraic sum of the contributions of the thermal conductivity through carriers λe and the
thermal conductivity due to phonons interactions λp [27].
has importance in itself for thermoelectric applications. Due to the fact that the
dependency of the thermal conductivity on the carrier concentration is very weak
[25], the effect that an increase in the amount of carriers has on the figure of
merit is reflected directly in the power factor. As it can be seen in Figure 1.4, the
power factor marks the carrier concentration at which the figure of merit reaches
it maximum. The position of this maximum varies with the magnitude of the
mass carrier and the type of crystal lattice, but it is usually found in the carrier
concentration range of 1025 m−3 to 1026 m−3 [26].
The improvement of the figure of merit through the reduction of the thermal
conductivity has to be done without affecting the power factor. It is well known
that in metals the thermal conductivity takes place through the carriers (elec-
trons) (λe), but in the case of semiconductors, the overall thermal conductivity is
the sum of the carrier contributions (λe) and the contributions arising from the
lattice vibrations or phonons (λp) [28]. Research towards the reduction of ther-
mal conductivity has followed various paths focusing mainly on the control of the
phonon scattering mechanisms to reduce the thermal lattice contribution [29]. It
has been proven theoretically and experimentally that controlling the grain size
of materials whilst maintaining the long range periodicity of the lattice results in
an effective scattering of the short wavelengths of phonons. Under these modifi-
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cations, the longer wavelengths associated with the movement of charge carriers
are weakly affected. This process has lead to a certain improvement of the figure
of merit [30–33]. Parallel to this approach, the inclusion of defects and impurities
in the crystal lattice has been studied as a possible way to reduce the thermal
conductivity [34, 35].
Following the previous discussion it is now possible to understand why the
most widely used thermoelectric materials are heavily-doped semiconductors.
Metals posses intrinsicly low Seebeck coefficients and a large electronic contri-
bution to the thermal conductivity. Insulators and lightly-doped semiconductors
have larger Seebeck coefficients, but their very low carrier concentration (Fig-
ure 1.4) result in a very low electrical conductivity and consequently a small
figure of merit [36].
Despite the intense research towards the improvement of the figure of merit
and the fact that it has been shown theoretically that larger values of ZT can
be achieved by different methods [22, 37], the maximum values of ZT in estab-
lished thermoelectric materials has remained close to 1. Thermoelectric materials
can be conveniently categorised according to their operation temperature range.
Figure 1.5 shows the plot of the figure of merit of the most commonly used ther-
moelectric materials at different temperatures. Perhaps from all of these synthetic
and heavily doped semiconductors, only bismuth and lead telluride alloys can be
regraded as established thermoelectrics.
Bismuth alloys in combination with tellurium, selenium or antimony are used
in the low temperature range and up to 450 K [39]; therefore these are the ma-
terials preferred for thermoelectric refrigeration applications [40, 41]. Materials
based on alloys of lead are used up to approximately 850 K and together with
silicon germanium alloys, which can operate up to 1300 K, are the preference for
thermoelectric power generation [42]. Thermoelectric materials based on bismuth
chalcogenides have the highest figures of merit; the best p-type and n-type mate-
rials are Bi2Te3−75Sb2Te3 and Bi2Te3−25Bi2Te3 respectively. A thermocouple
fabricated from these materials has an average figure of merit of 2.5 × 10−3 K−1
[43].
Even though thermoelectric generators for commercial applications are mainly
fabricated with these established materials, research in the field has produced new
materials with improved thermoelectric performance. Higher figures of merit have
been achieved by reducing the lattice thermal conductivity in synthetic materi-
als. In this respect, low dimensional structures like quantum wells and quantum
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Figure 1.5: Figure of merit of selected materials showing their applications at different tem-
peratures [38].
wires are a very a good alternative for achieving even higher figures of merit. The
reduced dimensions of these structures can be used to increase the phonon scat-
tering and thus reduce the lattice thermal conductivity of the material. From all
the nanostructured materials, nanowires seem to be the most attractive route for
thermoelectric applications. Indeed, the geometry of these materials favours the
current flow. They are also more suitable for their integration to microelectronics,
which implies more efficient fabrication processes [38].
1.4 Carbon nanotubes as thermoelectric mate-
rials
Among the different nanomaterials, due to their electrical and thermal trans-
port properties, bulk samples of aligned carbon nanotubes constitute a promising
alternative for thermal management [44]. The intrinsic properties of the con-
stituents of these materials have been widely explored and it has been found
that the thermal and electrical conductivity of a single nanotube has a value of
≈3000 W m−1 K−1 and ≈10 000 S/m respectively [45]. Regarding the thermoelec-
tric properties of carbon nanotubes, values for the Seebeck coefficient of single
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walled have been reported to be between 40 µV/K and 80 µV/K in the case of mul-
tiwalled nanotubes [46, 47]. The semiconductor behaviour of carbon nanotubes
can be used to manufacture thermoelements with a p-type or n-type behaviour;
the type of conduction in the nanotubes can be modified by doping the tubes
without affecting the magnitude of the Seebeck coefficient [48].
It is not only the possibility of transferring the thermoelectric properties of
carbon nanotubes to macroscopic materials has driven research in this direction.
When carbon nanotubes are grown in the form of a bulk conductor, they form
junctions between them. This is expected to reduce the thermal conductivity of
the bulk material and therefore enhance the value of the Seebeck coefficient.
The thermoelectric properties of arrays of CNTs have been explored by differ-
ent groups [49–51]. The thermoelectric power of crystalline single walled carbon
nanotube ropes has been measured over a large temperature range, finding that
the magnitude of the thermopower at room temperature is larger than that of a
single nanotube. The reported value of the thermopower ranges from 50 µV/K
to 65 µV/K [52]. On the other hand, when mats of single walled and multi-
walled CNTs were analysed, they showed a lower value of the Seebeck coefficient
(10 µV/K) compared to the one of single tubes. This decrease in the magnitude
of the Seebeck coefficient was attributed to the lower amount of carriers present
in the array of carbon nanotubes [53].
Another route to achieve larger figures of merit is to incorporate carbon
nanotubes in composites. The thermoelectric properties of polymers have been
greatly enhanced by embedding CNTs into a matrix formed by the polymer. Un-
fortunately, the intrinsic thermoelectric properties of the polymers used in those
works were very poor, in particular the electrical conductivity [50, 54]. For this
reason, the thermoelectric characteristics of the mixed materials are not compet-
itive in comparison to established thermoelements.
In the following section, the development of an experimental set-up to measure
the Seebeck coefficient of films is described. The optimal operational parameters
of this set-up are discussed through the measurement of the Seebeck coefficient
of a reference material. Then, the Seebeck coefficient of carbon nanotube films
is measured at different temperatures. Following the characterisation of the ma-





The evaluation of any potential thermoelectric material requires the measurement
of its transport properties. These include the Seebeck coefficient, electrical and
thermal conductivity. The measurement of the Seebeck coefficient can be made
by relating the generated voltage across the material when it is subjected to a
temperature gradient (∆T ). Despite the apparent simplicity of the measurement
there is still no standardised technique to evaluate this property. This has led to
a debate regarding which of the available techniques provides the most accurate
measurement of the Seebeck coefficient [55–57].
The different methods developed to measure this coefficient can be categorised
into differential or integral techniques. In the integral technique one side of the
sample is maintained at a constant temperature while the temperature of the
other side is increased through the temperature range of interest. This method is
sometimes also referred as the large ∆T or the slope method. These names come
from the fact that large temperature differences are imposed between the two sides
of the samples during the measurement and because the Seebeck coefficient is
obtained as the slope of the curve voltage against temperature difference [57, 58].
In the differential technique, the sample is placed at a temperature of inter-
est. Then a small temperature difference ∆T is applied between the ends of the
sample and the Seebeck coefficient is calculated as the instantaneous ratio of the
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electrical potential and the temperature difference [56]. This method requires a
synchronous measurement of the electric potential and the temperature at both
ends of the sample. The temperature gradient should be appropriately selected
to reduce heat losses associated to radiation of the sample whilst maintaining
the accuracy of the method. Typical ∆T values will range between 4 K to 20 K
[57, 59].
An advantage of the integral method over the differential is that due to the
large temperature gradient applied to the sample, large output voltages are gen-
erated. This helps to minimise the effect of parasitic voltages arising from the
hardware used in the measurement. The main drawback of this method is the
difficulty of maintaining a constant temperature in one side of the sample when
a large ∆T is applied. This normally requires corrections to the data which can
complicate the measurement. For this reason this method is considered more
appropriate for bulk or large samples [55].
Differential techniques can be divided into steady-state, quasi-steady-state
or transient conditions. In steady-state conditions the temperature gradient is
stabilised prior to each voltage (V ) measurement. As the temperature gradi-
ent is slowly increased several data points are collected. The Seebeck coefficient
is calculated from the linear fit of the ratio V /∆T generated at the measure-
ment points. Using this method it is possible to quantify and eliminate spurious
voltages generated by the measurement equipment. This offset voltage will be
represented as a shift in the curve V vs ∆T [59–62].
Under the quasi-steady-state regime, the voltage measurements are made con-
tinuously as the temperature gradient applied to the sample is slowly increased.
This decreases the amount of time required per measurement as it is not necessary
to wait for the temperature gradient to stabilise. The method relies on measuring
multiple instantaneous V /∆T ratios which requires a simultaneous measurement
of the electric potential and the temperature with nano volts precision [63–66]. It
has been found that the results obtained with both methods are equally accurate
when good electrical and thermal contacts are ensured between the sample and
the measuring probes [56].
The AC method was developed to avoid the thermal stability requirement
imposed by the steady-state methods. In the AC method a small sinusoidal tem-
perature gradient between 10 mK and 500 mK is applied to the sample. Using
a lock-in amplifier capable of detecting very small signals, the amplitude of the
voltage and temperature signals is continuously detected. This method is very
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sensitive to the geometry and morphology of the sample. It requires modula-
tion of the temperature signal and specific thermocouple positioning according to
the characteristics of each sample. The sensitivity of this method to very small
changes in the temperature and voltage signals makes it suitable for measure-
ments at critical points where rapid measurements are necessary [55, 67].
Regarding the design of the electric contacts between the measuring apparatus
and the sample there are two type of configurations, they are known as the
2-probe and the 4-probe techniques. In the methods categorised as 2-probe,
the measurements of voltage and temperature difference are made at the ends
of the sample. In the 4-probe method, the two additional probes are place in
contact with the sample at an off-axis position. These extra contacts allow for
the simultaneous measurement of the Seebeck coefficient and the resistivity of the
material. Although this is considered as an advantage over the 2-probe technique,
it has been shown that the 4-probe tends to overestimate the value of the Seebeck
coefficient. This has been attributed to what is known as the cold finger effect,
caused by a temperature gradient formed between the two extra contacts and the
sample. This gradient results in an underestimation of the sample’s temperature
and therefore a higher value of the Seebeck coefficient [56, 64].
There are a some commercial systems available for the measurement of the
Seebeck coefficient. ULVAC technologies, Ozawa science, LINSEIS and MMR
technologies are amongst the companies that produce this type of equipment.
Most of their systems use the steady-state method and are designed mainly to
test bulk samples. The evaluation of the Seebeck coefficient of films has been
made using custom-made equipment [68, 69]. In this work, films made from
CNTs will be used to fabricate thermoelectric devices. This chapter will focus on
the development of a set-up to characterise the Seebeck coefficient of films using
a 2-probe steady-state differential method.
2.1 Experimental set-up
To characterise the Seebeck coefficient of carbon nanotube films, it is necessary
to measure the voltage the film generates when a temperature gradient is created
between the ends of the sample. The calculation of the Seebeck coefficient is
then made by relating the generated voltage to the magnitude of the tempera-
ture gradient. The experimental set-up developed for this purpose consists of a
sample stage holder, a temperature feedback circuit, a heater controller circuit
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Figure 2.1: Diagram of the experimental set-up to measure the Seebeck coefficient of films.
The dashed circle encloses the stage holder where the sample (orange) is positioned.
and a voltage measurement device. All these components are connected through
a software written LabVIEW which processes the input signal and produces an
output signal that controls the temperature of the sample.
A diagram of the set-up is shown in Figure 2.1. The dashed circle encloses
the stage holder, where the heaters and the temperature sensors are located.
The thermistors provide the necessary information to measure the temperature
at both ends of the sample. These readings are acquired by a Data Acquisition
Card (DAC) model NI PCI-6052E, which transfers the readings to the LabVIEW
software. After the software processes the temperature information, it sends a
signal back to the DAC, which also controls the power supplied to the heaters,
i.e. creating a closed feedback circuit.
The stage holder is enclosed in a chamber and is formed by two S102C 120 Ω
precision heaters used to increase the temperature at the ends of the sample
up to 150 ◦C. The temperature of each heater is manipulated independently by
controlling the amount of current supplied. The temperature of the heaters and
the sample is monitored by two PT1000 class A thermistors placed on top of each
heater between the sample and the heater, as shown in Figure 2.3. The working
range of these temperature sensors is −200 ◦C to 600 ◦C and they have a tolerance
of ±0.15 ◦C to ±0.95 ◦C depending on the operating temperature. The distance
between the two heaters is fixed at 40 mm.
The temperature feedback circuit comprises two temperature sensors and two
10 kΩ resistors. The readings acquired by the analogue input of the DAC are
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voltages that relate to the heater’s temperature. Two analogue inputs of the DAC
are used to get the signal from the temperature feedback circuit. The LabVIEW
software converts the input voltage readings into temperature readings using the
thermistor resistance equation R(T ) provided by the manufacturer.
The connection between the software output signals and the heater controller
circuit is made through the DAC analogue outputs. These are connected to
the heater circuit, which is formed by a transistor-based electronic circuit and
a power supply that controls the amount of current supplied to the heaters.
The temperature dependency on the current supplied to the heater is controlled
internally by a proportional-integral-derivative controller (PID controller). A
24 V power supply is used in this set-up to deliver the necessary current to increase
the temperature of the heaters.
The potential difference between the ends of the sample is measured using a
Keithley 2000 nanovoltmeter. The readings of this device are sent to the Lab-
VIEW software using a general purpose interface bus (GPIB) adaptor which is
an 8-bit parallel interface bus used for short-range digital communications.
The LabVIEW software was designed to acquire and analyse the temperature
data and based on that deliver current to the heater’s circuit. This is regulated
by the experimental parameters, which are set through the software interface
(Figure 2.2). The software permits the independent control of each heater, in the
right side of the panel of the software interface, the temperature of each heater
can be set to a specific value. This value can remain constant or increase automat-
ically according to the kind of experiment being performed. If the temperature
gradient is kept constant during the experiment, both sides are heated; but if the
temperature difference is set to increase, only one side of the sample is heated.
All the data generated during an experimental run is displayed and recorded at
the same time.
To perform an experimental run, the value of the initial and final temperature
of each heater and the magnitude of the temperature ramp are set through the
program. The magnitude of the temperature gradient is set by specifying different
initial temperatures for each heater. Once these values have been set, the software
monitors the temperature sensor readings and waits until the temperature at
each end of the sample reaches its corresponding value. This is achieved when
the temperature remains for 15 s at the set temperature ±0.1 ◦C. At this point
the software applies the temperature ramp and the temperature in the heaters is
modified. This cycle is repeated until the final temperature is achieved.
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Figure 2.2: LabVIEW software screen showing the control of the experimental parameters.
The plot shows the temperature on each side of the sample during the experimental run. The
bottom left panel shows the readings of the instantaneous Seebeck coefficient and Temperature
difference between the two ends of the sample. The right panel contains the temperature
controls for both ends of the sample.
To calculate the Seebeck coefficient, the program measures the voltage gener-
ated between the ends of the sample and divides it by the temperature difference
between the ends (Equation 1.5). Since the voltage is measured using copper
cables, a junction is generated between the sample and the copper wire. There-
fore, the measured Seebeck coefficient is the relative coefficient of the sample and
copper. Taking this into account, the absolute value of the coefficient can be
calculated from
αx = αCu−x − αCu, (2.1)
where αx is the absolute Seebeck coefficient of the sample, αCu−x is the mea-
sured coefficient and αCu is the Seebeck coefficient of copper. Considering that
the value of the absolute Seebeck coefficient of copper is ≈1.8 µV/K for the tem-
perature range where the sample is analysed [70, 71], the absolute value of the
Seebeck coefficient of the sample during the experimental run is calculated by




Constantan is a group of alloys of copper and nickel. The name derives from
the fact that the electrical resistivity of these alloys remains constant at differ-
ent temperature ranges [72]. Copper is soluble in nickel in both the liquid and
the solid state. At all proportions they form alloys with homogeneous struc-
tures which gives place to several nickel - copper alloys. Although in the case of
constantan the nominal composition is 45 % of copper and 55 % of nickel (45Cu-
55Ni), specific compositions can vary from 50Cu-50Ni up to 65Cu-35Ni [73]. The
properties of constantan vary accordingly to the composition of the alloy. The
electrical resistivity of constantan increases as the nickel content of the alloy in-
creases until it reaches a maximum of about 50 µΩ cm, the highest of any of the
nickel-copper alloys [74]. The electromotive force of constantan is negative with
respect to platinum (usually a reference standard for the Seebeck coefficient) and
its magnitude reaches a maximum of approximately −35 µV/K at room temper-
ature for the 45Cu-55Ni composition [75]. For the different compositions of this
alloy, the value of the emf is directly proportional to the nickel content, increasing
its magnitude in a linear manner with the increase of temperature [73]. Having
the highest emf of any of the copper-nickel alloys constantan is widely used in
temperature measurement systems.
The calibration of the experimental set-up was made using films of constantan
45Cu-55Ni. To ensure all the samples had the same dimensions (40 mm × 5 mm),
they were cut from a 0.050 mm thick constantan foil using a programmed laser
cutter. The samples were placed in the stage holder as shown in Figure 2.3. The
ends of the sample were fixed to the heaters and the temperature sensors using
silver paint. The thermal and electrical contacts provided by the silver paint
have been tested against other compounds and it was found that silver paint
provides a thermal and electrical transfer as good as other varnishes, having the
advantage of being soluble in acetone. This makes it easy to remove the sample
from the stage holder [76]. All the experimental runs were carried out connecting
the samples in the same way.
In the first calibration experiment, one side of the sample was heated from
≈300 K to 420 K in steps of 1 K while the other side was left unheated. During
the experimental run, the temperature of both sides was monitored. It was shown
that the temperature of the colder side did not remain constant. By the end of
the experiment it had increased almost by 10 K, Figure 2.4.b. Examination of
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Figure 2.3: Holder scheme. The dashed circle encloses the cross sectional area of the junction.
It shows the type of thermal and electrical contact used to measure the Seebeck coefficient of
every sample.
the temperature plots of both sides of the sample and the temperature of the
air inside the chamber shows that the increase in temperature might be caused
by hot air flowing from the hot to the cold side of the sample. Taking this into
account, the values of the absolute Seebeck coefficient against the temperature
difference between the sample ends are shown in Figure 2.4.a. To ensure the set-
up configuration was the correct one, the same sample was tested again heating
the opposite side this time. The results, as expected, are the same regardless of
which side is being heated as it can be seen in Figure 2.4.a.
The plot of the Seebeck coefficient in Figure 2.4 shows the value obtained when
different temperature gradients are applied to the sample, it does not represent
the value of the coefficient at different temperatures. The value of the Seebeck
coefficient (α) was obtained dividing the voltage generated between the ends of the
sample by the temperature difference. Therefore, the increase in the magnitude
of the coefficient is clearly related to the increase in the voltage created by the
temperature gradient.
The results of the experiment also show that for small temperature differ-
ences the values of the Seebeck coefficient show a larger variation compared to
the measurements done using larger temperature gradients. This could imply
that the measurements are more accurate when larger temperature gradients are
used. On the other hand, as discussed previously, the Seebeck coefficient can
only be approximated by Equation 1.5 if small temperature gradients are taken
into account. To determine the value of the Seebeck coefficient at different tem-
peratures and the optimum temperature gradient that should be used during the
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Figure 2.4: a. Magnitude of the absolute Seebeck coefficient (α) of constantan at different
temperatures. b. Temperature inside the chamber and temperature at the end A and B of the
sample.
measurements, a second experimental run was carried out.
In this second set of experiments, a fixed temperature difference was created
between the ends of the sample. This time, the temperature on both sides was in-
creased by 1 K between each calculation, keeping a constant temperature gradient
through the sample. Similarly to the first calibration experiments, the temper-
ature range spans from ≈300 K to 420 K. The samples were exposed to three
different temperature gradients of magnitude 5 K, 7.5 K and 10 K. The results of
the experiments are shown in Figure 2.5.
The green line in the Figure 2.5 is a parametric fit of the Seebeck coefficient of
constantan in terms of the temperature. The model was developed by Lowhorn
et al. using the data measured by eight different laboratories [77]. The equation
of the model is
α(T ) = −1.076 + 0.5294 log(T + 1)− 2.22
√
T
− 1.160 sin(2πT/700) + 3.248 cos(2πT/700), (2.2)
where α(T ) is the Seebeck coefficient of constantan as a function of the temper-
ature (T ). The standard deviation of this model is σ = 3.3, which represents a
variation of 3.3 µV/K between the values provided by the different laboratories.
A direct comparison of the results obtained and the predictions of the model show
that using temperature gradients of 7.5 K and 10 K result in measurements that
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Figure 2.5: Measured absolute Seebeck coefficient of constantan at different temperatures.
(Inset) Temperature inside the chamber during the experimental run. The green line is a
parametric model fit of the Seebeck coefficient of constantan. The model was prepared by
Lowhorn et al. from the experimental data of eight different laboratories [77].
fall within the standard deviation of the model.
When a temperature difference of 5 K was set, the value of the coefficient in
the temperature range remains almost constant compared to the results obtained
when 7.5 K and 10 K temperature differences were applied. An increase in the
magnitude of the Seebeck coefficient of constantan at this temperature range
has previously been reported [75, 78]. Thus, according to the results of the
experiment, applying temperature differences of 7.5 K and 10 K give more similar
results to the ones reported in the literature. Another comparison between the
values obtained for Seebeck coefficient of constantan and the reported ones for
this temperature range is shown in Table 2.1.
An analysis of the values in Table 2.1, it is clear that the calculations using
5 K difference should be discarded. Not only they are the farthest in magnitude to
the known coefficient of constantan, but also, as previously seen in Figure 2.4.a,
the smaller the temperature difference used, the higher the variation in the results
obtained. Also, the values measured using this temperature gradient do not show
the temperature dependency of the coefficient. In the case of 7.5 K and 10 K
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Table 2.1: Comparison between the reported and measured values of the absolute Seebeck
coefficient of 45Cu-55Ni alloy
Temperature α (µV/K) α (µV/K)
K Ahmad [75] ∆ T = 10 K ∆ T = 7.5 K ∆ T = 5 K
320 -42.0 -40.1 -39.9 -40.3
350 -45.5 -42.1 -40.8 -40.8
370 -46.0 -43.6 -41.5 -41.4
400 -48.5 -44.6 -43.1 -41.9
420 -50.0 -47.2 -44.2 -40.0
difference, it appears that using a higher temperature gradient leads to more
similar values to the reported ones. Also the calculated coefficient shows the
characteristic temperature dependency for this temperature range. It is possible
that even higher temperature gradients could result in closer values to those
reported by Ahmad [75], but again, this method assumes a small temperature
difference for the calculations, therefore using higher temperature gradients will
violate this assumption.
One possible cause of the variation between the values of the coefficient ob-
tained for constantan and the established ones arises from the limitations of the
experimental set-up. Looking at the inset in Figure 2.5, it is possible to see that
the temperature of the chamber only reaches ≈340 K. This means that the sam-
ples have not been exposed to higher temperatures than this. The temperature
gradient is created with high temperatures, but the actual temperature at which
the measurement is performed is the temperature of the chamber. Despite the
fact that the results obtained with this experimental set-up present a small vari-
ation compared to the values of the absolute Seebeck coefficient of constantan,
they are a very good approximation. The sign of the coefficient is consistent,
also the order of magnitude and the temperature dependency. Therefore, under
the performance conditions described, the set-up can be used to obtain a good
approximation of the actual values of films.
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2.3 Carbon Nanotube Films
The carbon nanotube films used in this work were produced using a spinning
method whereby the films are withdrawn directly from the reaction zone of a
furnace [79]. The synthesis method uses methane as the main carbon source,
thiophene as a source of sulphur and ferrocene as a precursor of iron catalyst
particles. The precursors are evaporated and taken into the system through a
hydrogen gas stream. The feedstock is then moved to the hot zone of the fur-
nace, which is at approximately 1560 K. Once it reaches this point, the precursor
molecules dissociate and the carbon atoms start diffusing to the catalyst parti-
cles where they nucleate forming the carbon nanotubes. This process forms an
aerogel which condenses into a stock-like-structure of bundled carbon nanotubes
as it reaches the colder outlet of the furnace. At this point, a fibre can be col-
lected using a spinning rod or winder which collects 20 m of fibre per min. The
continuous spin of this fibre forms the film of carbon nanotubes [80].
The films obtained using this method contain mainly multi-walled and single-
walled carbon nanotubes, but also some other particles like amorphous carbon
and impurities. The mechanical and transport properties of this material are
defined by its composition and structure. These factors are dependent on the
processing conditions, i.e. the spinning rate, temperature of the furnace, the
carrier gas flow rate [81]. The alignment of the nanotube bundles within the film,
the amount of voids present in the material and the length of the nanotubes are
also factors affecting the material properties. Longer and well aligned nanotubes
can promote the transfer of the axial properties between them. Lower amount
of impurities and surface defects will enhance the transport properties of the
material [82].
The carbon nanotube film is composed of approximately 70 % CNT-based
material, 10 % absorbed species (hydrocarbon from the reaction chamber) and
20 % of residues from the catalysis (Fe) and amorphous carbon. The fibre is
mainly formed by carbon nanotube bundles with diameters ranging from 20 to
60 nm, with a high proportion of double-walled nanotubes and a lower amount of
single and multi-walled carbon nanotubes [83, 84].
The same method used to position the constantan samples in the experimental
set-up is applied in the characterisation of the CNT films. Silver paint is applied
to create an electrical and thermal contact at the ends of the sample. For this
reason, an analysis of the effect silver paint has on the structure of the CNT film
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was performed.
Figure 2.6: SEM image of the carbon nanotube film covered by a layer of silver paint. The
image in the right shows a magnification of the silver particles.
A layer of silver paint was deposited on the carbon nanotube film and scan-
ning electron microscope (SEM) images were taken using the SEM station of a
FEI Helios Nanolab microscope. Figure 2.6 shows the boundary of the silver
paint layer on top of the carbon nanotube film. The image on the right is a
magnification of the silver particles. It is evident that they are bigger than the
space between the bundles, which stops the silver from penetrating the carbon
nanotube film.
To reveal the transverse section of the CNT film in the section where the
layer of silver paint was located, a vertical cut in the sample was performed using
the focused ion beam (FIB) stage of the Helios Nanolab. The SEM images in
Figure 2.7 provide the confirmation that silver paint does not diffuse through the
bundles, it stacks on top of them forming a layer much thicker that the CNT film.
Using the magnification in Figure 2.7, an approximate value for the thickness of
the CNT film can be calculated. The image was taken tilting the stage at 52°,
which is the angle between the FIB and SEM columns. The observed thickness
is divided by tan(52°) to obtain the actual thickness of the CNT film, which is
estimated to be ≈1.3 µma.
The characterisation of the absolute Seebeck coefficient of the CNT films
was performed on samples with dimensions of 40 mm × 5 mm. As in the case of
constantan, to keep the dimensions as similar as possible between the analysed
aThis value is just a reference. The thickness of the film depends on several factors associated
to the synthesis process (spinning time, size of the spinning rod, winding speed, etc.), it is thus
expected to have different magnitudes in different sections of the sample. A proper calculation
would consider an average of the thickness in several regions.
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Figure 2.7: SEM image of the transversal section of the CNT film - silver paint system. The
magnification shows the thickness of the CNT film.
samples, the films were cut using a programmed laser cutter. The samples were
obtained from five different batches, which means the films were synthesised in
five different furnace runs.
All the samples were produced using the same experimental parameters. The
temperature of the furnace was set to 1550 K. Methane, the carbon source, was
introduced into the reaction zone at 80 mL min−1. Thiophene was injected at a
rate of 1.3 mg min−1 and ferrocene at 0.35 mg min−1. The flow of hydrogen was
set to 0.8 L min−1.
The calculation of the Seebeck coefficient was carried out in a temperature
range of ≈300 K to 370 K in samples from the five batches. The experimental
parameters defined in the previous section were used during the experimental
runs. A temperature gradient of 10 K was imposed between the ends of the
samples and a temperature ramp of 2 K per measurement was used.
Figure 2.8 shows the results of these experiments. The values of the See-
beck coefficient of the CNT films at ≈300 K lies within the range of 45 µV/K to
60 µV/K. Since the samples originate from different batches, one can expect to
find slightly different properties between them. For example, the measured resis-
tance of the samples can vary from 10 Ω to 40 Ω. Despite these differences, the
Seebeck coefficient of all samples is positive and has the same order of magnitude.
Also, it can be observed in the plot, that the coefficient of all samples presents
the same temperature dependency. As the temperature increases, the magnitude
of the coefficient increases as well.
The CNT films normally contain a mixture of metallic and semiconducting
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Figure 2.8: Seebeck coefficient of five carbon nanotube films produced using the floating
catalyst spinning method. The synthesis parameters of the five samples were the same. The
synthesis was carried out at 1550 K and the ratio of the precursors was constant for all the
samples. Methane was used as the carbon source, thiophene as the sulphur source and ferrocene
as source of the catalyst particles.
nanotubes, with the semiconducting tubes predominating in the film. The ratio
of species in this material is 2/3 of semiconducting tubes to 1/3 of metallic tubes
[85]. This is consistent with the measured positive value of the absolute Seebeck
coefficient of the sample. It was discussed in Section 1.2 that a positive value
implies the conduction is done mainly through positive carriers.
It is known that lower thermal conductivities lead to a larger figures of merit,
which is desirable in order to achieve higher efficiencies in thermoelectric devices.
Parting from the fact that the thermal conductivity of aligned carbon nanotubes
is up to ten times higher when it is measured parallel to the direction of alignment,
than when measured perpendicularly to the same direction [86], an experimental
run to evaluate the effect of the alignment of the tubes on the magnitude of the
Seebeck coefficient was performed on samples from the batch which showed the
largest Seebeck coefficient in the previous experiments.
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Figure 2.9: Seebeck coefficient of carbon nanotubes films of samples with the tubes
aligned parallel and perpendicularly to the longitudinal axis of the sample.
Carbon nanotube bundles in the film are mostly aligned parallel to the spin-
ning direction. Taking this into account it is possible to prepare samples where
the tubes are mainly oriented parallel or perpendicularly to the longitudinal axis
of the sample. In the left side of Figure 2.9 a schematic diagram of the orienta-
tion of the tubes and the positioning of the samples in the set-up is shown. The
Seebeck coefficient of these samples was evaluated from ≈300 K to 400 K. The
same experimental parameters as used for the characterisation of the previous
samples were used in this experimental run.
Figure 2.9 shows the results of these experiments. Since the value of the
Seebeck coefficient varies between samples, it is not possible to assess from these
results if the observed increase in the magnitude of the coefficient of the samples
composed by perpendicularly oriented nanotubes is related to the alignment of
the tubes or if it is just a results of the intrinsic differences between samples.
Regarding the thermal conductivity, is worth pointing out that despite the
fact that overall the tubes are aligned in the spinning direction, they form entan-
glements. These entanglements (see Figure 2.6 and Figure 2.7) are itself a barrier
to the movement of phonons, which decreases the overall thermal conductivity
of the material. Therefore, a deeper analysis which includes measurements of
thermal conductivity in both directions will be necessary to investigate the effect
of the tubes alignment on this transport property of the sample.
Based on these results, it is already possible to establish a first comparison
between the thermoelectric properties of the CNT films and some established
thermoelectric materials. The CNT films may be regarded as a low-temperature
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range material and the magnitude of their Seebeck coefficient puts them in an
intermediate range, one order of magnitude higher than the Seebeck coefficient
of any normal metal and one third of the magnitude of the coefficient found in
heavily doped semiconductors. But the thermoelectric properties of the CNT
films become more attractive when they are associated to some advantages they
have over other materials, such as their extremely low weight, flexibility and
strength.
Figure 2.10: Plot of the absolute value of the Seebeck coefficient against density for different
semiconductors and metals. Sources: Bi2Te3 [87, 88], Sb2Te3 [12, 89], PbTe [90], Pb0.8Sn0.2Te
[91], Al [92], Au and Ag [93].
In Figure 2.10 the thermoelectric properties of several materials and carbon
nanotube films are compared by plotting their Seebeck coefficient against their
density. Clearly the CNT films are the least dense material (≈0.12 g/cm3)b, at
least one order of magnitude below aluminium. In terms of the Seebeck coefficient,
they are comparable to constantan and to antimony telluride, but again, these
materials are far heavier.
The importance of the lightness of the CNT film rests in the potential ap-
plications of this material as an element in thermoelectric generators, where the
output power increases linearly with the number or thermoelements connected.
Industries such as aerospace and transport, where weight is a very important
design factor, could greatly benefit from the energy harvested by extremely light
bA previous measurements reported a value of 0.05 g/cm3 for the same material [94].
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weight thermoelectrics.
Figure 2.11: (Left) 3D-Plot showing the Seebeck coefficient of TE materials at different
temperatures. (Right) Front view of the same plot.
As previously discussed, the thermoelectric characteristics of any material
are temperature dependent. This leads to a specific performance according to
the temperature range of operation. In Figure 2.11 the value of the Seebeck
coefficient at different temperatures are shown. Due to the fact that density also
has some variations with temperature, the plotted value should be taken only as
a reference. CNT films are in the low temperature range together with bismuth
and antimony alloys of telluride. The medium temperature range is dominated by
lead telluride and the alloy of silicon germanium, which has a large temperature
operation up to 1400 K.
In Section 1.3, the power factor was defined as the product of the square of
the Seebeck coefficient and the electrical conductivity (α2σ), it was discussed that
enhancement of this factor is reflected in the figure of merit. The power factor is
a measure of the efficiency of a thermoelement and it is commonly expressed in
µW cm−1 K−2.
Figure 2.12 plots the power factor of several thermoelectric materials through
the different temperature regions were thermoelectric elements find application.
The maximum of the curve corresponding to each material shows the temperature
at which the thermoelement has its best performance.
The plot in Figure 2.12 clearly illustrates that a large Seebeck coefficient is
not the only requirement for a good thermoelement. As seen in Figure 2.11,
the magnitude of the Seebeck coefficient of the CNT film is smaller than any of
the telluride alloys. Analysing the power factor in the low temperature region,
however it can be observed that the CNT-based material has a better performance
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Figure 2.12: Power Factor of TE materials at different temperatures. Sources: BiSbTe [95],
Bi2Te3 [87, 88], Sb2Te3 [12, 89], PbTe [90], SiGe [22, 96].
than antimony telluride.
One of the principal advantages of building thermoelectric devices with CNT
films as thermoelements is the very low weight this material adds to the whole
device. The power factor was re-expressed in terms of the thermoelement’s weight,
in order to make a comparison of the power delivered per unit of mass.
The amount of power (P) delivered by a thermoelement at a specific tem-
perature (T) is the product of the power factor by the square of the operation
temperature (P = T 2(α2σ)). Using the definition of electrical conductivity in
terms of the electrical resistivity, this factor can be expressed in terms of an
arbitrary length of the thermoelement as






where P is the power, ρ the electrical resistivity, l the thermoelement’s length
and A is the area of the thermoelement. Note that the units of this expression
are W/m. Introducing the density into this formula, a power factor P ′(γ) which
is a function of the density and the area of the thermoelement can be defined as
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where P ′ is the power factor as a function of the density γ. This factor has units
of W/kg or W/g. To evaluate the power generated per unit of mass by different
thermoelectric materials, thermoelements with a unitary area (A=1 cm2) were
considered and the factor over the whole temperature range of operation for each
material was evaluated.
Figure 2.13 shows the amount of W/g each material produces at different
temperatures. CNT films have the highest specific-efficiency in the low temper-
ature range, only comparable to the silicon germanium alloy, which is normally
used in high temperature applications.
Figure 2.13: Power Factor per unit of mass of the TE materials at different temperatures.
Sources: BiSbTe [95], Bi2Te3 [87, 88], Sb2Te3 [12, 89], PbTe [90], SiGe [22, 96].
A final remark comparing several factors influencing the use of thermoelectric
materials in different applications could help understand why it is important to
search for new materials for power generation. The weight factor of the ther-
moelectric materials is an important characteristic to be considered in certain
industries. Assuming this is not a decisive factor, one still has to note that the
cost of production of some thermoelements could be a limiting aspect.
Some of the semiconducting materials currently used as thermoelements need
a high amount of doping to achieve the power factors and figures of merit they
show. This turns into a costly and complicated processing methods.
Furthermore, the abundance of some of thermoelectric materials, like tel-
lurium and some other rare earths, is very low and scarcity might be of strategic
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importance to manufacturers. Hence several approaches have to be followed in
the search for new materials with good thermoelectric characteristics.
2.4 Conclusion
For the presented work, an experimental set-up for the measurement of the See-
beck coefficient of films has been characterised. The adequate experimental pa-
rameters required for an optimal performance have been determined and the
limitations of the device have been described.
Based on a comparison between the measurements performed with this set-
up on calibration samples and their literature values, it is possible to conclude
that the results obtained using this set-up are reliable. Further improvements to
the device can be made by adding heating and cooling systems to the chamber
in order to expand the temperature range where the coefficient is measured.
Modifications to the stage holder could be carried out to permit the analysis of
samples of different sizes.
The Seebeck coefficient of the CNT films analysed in this work falls within
the range of 45 µV/K to 60 µV/K. The magnitude and sign of the coefficient
reflects the semiconducting nature of the samples, i.e. the electric transport is
dominated by positive carriers. The difference that was found in the magnitude
of the coefficient between different samples can be attributed to the variations in
their microscopic structure and the hence resulting difference in their transport
properties. As shown, the non-uniformity of the material is due to the entangle-
ment of carbon nanotube bundles, which are not perfectly aligned towards one
specific direction.
The alignment of the tubes in relation to each other is a factor which could
improve the electrical conductivity. A larger contact area between tubes will
maximise the chances of electron coupling, which could result in an enhanced
electrical conductivity. Therefore, nanotubes aligned parallel to each other are
more desirable rather than tubes randomly oriented ones. If such alignment is
achieved, the electronic component of the thermal conductivity would also be
enhanced. The phonon transfer, which is the second major contribution to the
thermal conductivity, is greatly affected by phonon barriers. In this case the
junctions between tubes are the main obstacle for the movement of the phonons.
Thus, the improvement in the thermal conductivity is not expected to be as large
as the one of the electrical conductivity.
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Overall, the most important factor to take into account is the network of
nanotubes forming the CNT film that needs to be a well connected arrangement
of tubes in order to form a good conductor. Since the ratio between electrical
and thermal conductivity is one of the factors that defines the efficiency of a
thermoelectric material, the enhancement of electrical conductivity through the
modification of the tubes alignment should be weighted up by the improvement
of thermal conductivity to achieve the optimum ratio between this two transport
properties.
An important result obtained is related to the impact of alignment of CNT
bundles in the sample. As observed in the previous section, the magnitude of
the Seebeck coefficient of a sample with the bundles aligned parallel to the lon-
gitudinal axis of the film did not show a significant variation when a sample
with bundles aligned perpendicularly to the same axis was examined. This result
could imply that other deposition methods, where less control of the orientation
of the alignment of the bundles can be achieved, will result in materials with
similar thermoelectric characteristics as the ones measured in this work. Meth-
ods like printing of CNT solutions on different substrates, sputtering, mixing
and sintering of powders could be used to improve the production of CNT-based
thermoelectric materials.
Any thermoelectric application requires the junction of a pair of thermoele-
ments. It is desirable to have two different materials with similar thermoelectric
characteristics. The principal difference between these thermoelements is that
one of them must be a source of positive carriers and the other one of negative
carriers. It was found that the samples analysed in this work show a p-type be-
haviour. The next step for the creation of a CNT material-based thermoelectric
device is to find an appropriate n-type material which can be used with the CNT
films. One possibility is to use compatible existing materials, i.e. Cu−Ni alloys
or Sb2Te3 which have a similar Seebeck coefficient, power factor and temperature
range of operation as CNT films. Another possibility would be to explore the
synthesis of n-type CNT-based material. Combining the aforementioned meth-
ods of powder mixing or depositing of CNT solutions with doping could be the





In the previous chapter, the Seebeck coefficient of carbon nanotube films was
analysed and it was concluded that this material has a positive Seebeck coefficient
with values ranging from 45 µV K−1 to 60 µV K−1. While the measurement of this
coefficient indicates that the CNT films could be used as thermoelectric elements,
it is still necessary to evaluate if this material is suitable for its integration into
a thermoelectric device that can be used in real-life applications. In this section,
the manufacturing process of a carbon nanotube-based thermoelectric generator
is described. This device was built with a view to understanding the manufacture
requirements needed to process the CNT films into a device that can be used to
harvest electrical energy from waste heat.
A thermoelectric generator is a solid-state heat engine in which a flow of
heat is converted into electricity. These devices are generally formed by several
alternated junctions made of n-type and p-type semiconductors connected electri-
cally in series and thermally in parallel as shown in Figure 3.1. These plates are
sandwiched between two thermally conducting and electrically insulating plates
to form the thermoelectric module. The efficiency of these devices is defined
as the ratio of the electrical power delivered to the load of heat absorbed [97].
In this regard, inorganic semiconductors based on metal alloys like bismuth tel-
luride (Bi2Te3) and lead telluride (PbTe) are still the preferred components for
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Figure 3.1: Diagram of a thermoelectric unit cell and a thermoelectric generator formed by
several units connected electrically in series (reproduced from [38]).
thermoelectric devices. This is because they posses highest power factors which
translates into better energy conversion efficiencies [98].
Although inorganic semiconductors are well established as commercial ma-
terials for thermoelectric applications, there has been a vast amount of research
focused on organic materials. This is due to the fact that inorganic thermoelectrics
are normally scarce and difficult to process which increases their production cost.
Another important factor that has propelled the research in organic thermo-
electrics is a growing number of applications where flexible thermoelectric or ma-
terials that can processed over large areas are required. This could be achieved
in a cost-effective way using organic thermoelectrics if the manufacturing process
and transport properties of these materials are optimised [99, 100].
The development of organic-based thermoelectrics has concentrated mainly
on conductive polymers and organic composites made with carbon nanofillers.
Conductive polymers have drawn considerable attention due to their relatively
high power factors. Seebeck coefficients between 14 µV K−1 and 386 µV K−1 have
been measured in Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PE-
DOT:PSS), polyaniline (PANi) and Poly(3-hexylthiophene) (P3HT) and power
factors between 3.5 µW m−1 K−2 and 400 µW m−1 K−2 have been reported for the
same materials [101–104]. Studies have also shown that by combining these
polymers with graphene and carbon nanotubes it is possible to increase the
power factor of these materials by one order of magnitude achieving values above
1500 µW m−1 K−2 [105, 106].
Although the thermoelectric properties of inorganic semiconductors and in
general their efficiency as thermolements are still better than those of organic
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Figure 3.2: Diagram of a thermoelectric unit cell formed by joining a CNT film to constantan.
thermoelectris, over the past few years the field has seen a steady increase in
the reported values of the power factor of organic thermoelectrics while the im-
provement of inorganic materials has stalled. This is related to the possibility
of improving the the thermoelectric properties of organic materials through dif-
ferent doping methods or by combining different materials to achieve enhanced
electronic properties [100].
In this chapter the performance of a device made using the materials studied in
Chapter 2 is presented. As reported, the Seebeck coefficient of the CNT films has
a positive value above room temperature and the Seebeck coefficient of constantan
is negative in the same range. This will make it possible to use the CNT films as
the p-type leg of a thermoelectric device and constantan as the n-type leg.
3.1 Device design
The principal element of a thermoelectric generator is the unit cell formed by
the union of two conducting materials. The total power output delivered by the
thermoelectric device is the overall sum of the power output of each thermoelectric
unit. The design of the device starts with consideration of the thermoelectric
unit cell. In the case of the CNT-based generator, a junction of a metal and
semiconductor was designed. The cell is formed by connecting a strip of CNT film
and two stripes of constantan (45Cu-55Ni) in the disposition shown in Figure 3.2.
In order to keep contact between the carbon nanotube film and constantan
restricted to the junction, a thin film of insulating material was placed between
the layers. This layout forms a single cell and comprises two junctions or unions
of semiconductor and metal. Placing the materials in this disposition puts one
junction of the cell in the hot side of the device and the other junction in the cold
side ensuring a temperature gradient.
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Figure 3.3: Diagram of a thermoelectric layer composed by seven thermoelectric units elec-
trically connected in series.
Each unit cell is 20 mm long and 5 mm wide; seven of them are placed parallel
to each other (Figure 3.3) to form one thermoelectric layer. In this disposition,
the junctions are thermally in parallel. Once a layer is fabricated it can be stacked
and connected in series to another layer. Thus, the generator will be composed
by a number of thermoelectric layers packed together. As the number of layers
forming the device increases, the voltage generated will increase proportionally.
Since the cells are electrically connected in series, the voltage produced by a
single thermoelectric layer will be the sum of the voltages generated independently
by each cell. For the same reason, the electric current produced by one layer will
be the same as the current produced by a single cell; therefore, if all the cells are
connected in series, the overall electric current of the device will be independent
of the number of cells in the device.
A thin foil of Kapton was used as the insulation film in each thermoelectric
layer of the device. Kapton is a polymer film very thermally stable over a large
temperature range, from 4 K to approximately 673 K [107], it is a good dielectric
and it is available in flexible thin foils which makes it a suitable insulation layer
for the device.
3.2 Device manufacture
The fabrication process of the thermoelectric device starts by cutting the films of
CNT and Kapton into single cells. All the cells from both materials must have the
same dimensions and, to ensure that the resulting thermoelectric layers are the
same size, every cell should be placed in a specific position in the layer. This can
be achieved by cutting the films using a laser cutter, which cuts a pattern in the
film. The pattern is designed using the laser software, which allows to accurately
shape the material into 5 mm × 20 mm stripes. It is also possible, as shown in
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Figure 3.4, to control precisely the spacing between the constantan stripes. In
this prototype a 2.5 mm gap was left between them.
Figure 3.4: Image of patterns cut in the constantan foil and CNT films using a laser cutter.
After the constantan foil was cut in the pattern shown before, it was sand-
wiched between two pieces of Kapton foil, leaving an exposed space in one of the
ends of the stripe to create the junction with the CNT film. Then a strip of CNT
film was attached to the constantan to build up seven junctions.
The CNT thermoelements were fabricated from a CNT film synthesised using
the floating catalyst spinning method described in Section 2.3. To form CNT film
strips with the same dimensions as the constantan strips, the CNT film was cut
using a laser cutter. The longitudinal axis of the CNT strips were cut parallel to
the direction of alignment of the tubes. This ensured that when the CNT films
were placed in contact with the constantan strips, the nanotubes were mainly
aligned along the longitudinal axis of the thermoelectric cell. This configuration
facilitates the flow of carriers through each thermoelectric cell and through the
whole device.
The next step was the isolation of the CNT film by placing another layer of
Kapton foil. Again, an exposed space was left in every CNT to create a second
junction with constantan (Figure 3.2). The second set of constantan stripes were
attached to the CNT to obtain one thermoelectric layer formed by seven cells.
It is important to note that just placing the constantan and the CNT film
in contact does not join them; the mechanical contact between the materials
does not provide a good electrical and thermal transfer and relying solely on
it could cause the device to fail. In fact, one of the major problems in the
design of thermoelectric devices is the creation of a good and stable contact
between the thermoelements. Several techniques have been developed for devices
working at different temperature ranges [108]. In the present case, SCP silver
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Figure 3.5: Image of a thermoelectric layer comprising seven thermoelectric cells. The red
arrow shows the main direction of alignment of the nanotubes in the unit cell. This configuration
facilitates the flow of carriers through the TE device.
conductive paint was used to join both materials. According to the manufacturer,
the silver content of of this adhesive is 45 %. The remaining 55 % is a solvent that
contains 1-Ethoxypropan-2-ol, Acetone and Ethyl acetate. The surface resistance
varies between 0.01 Ω cm2 and 0.03 Ω cm2 depending on the amount of material
deposited on the substrate.
A key technological challenge when creating a TE device is the quality of
the interface between the thermoelements. These contacts have to be ohmic and
must have a contact resistance with a much lower value than that of the ther-
moelements. The thermal conductivity should be as high as possible to transfer
all the heat flow to the thermoelements. This is why metallic interconnects are
usually placed at the interface between the p-type and n-type components. If the
contact resistance of the metallic interface is large, heat losses will be produced at
the interface between the thermoelements due to Joule heating, this will decrease
the magnitude of the thermal gradient which in turns will reduce the current
produced by the TE generator diminishing its efficiency [109, 110].
Once the seven cells were created, the electrical connections between them
were made using copper cables to join one end of each cell to the end of the
contiguous one. The image of the thermoelectric layer in Figure 3.5 shows the
final configuration of the cells and the interconnections between them. The red
arrow points the direction of alignment of the CNTs in the thermoelectric unit.
The thickness of one thermoelectric layer is approximately 1 mm. Thus, the
dimensions of a thermoelectric device formed by 10 cells stacked together are
approximately 52 mm × 25 mm and 10 mm thick, as shown in Figure 3.6. These
small dimensions would make it possible to accommodate several devices in a
reduced area. The overall power output being proportional to the number of
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Figure 3.6: Picture of the thermoelectric devices formed by 10 thermoelectric layers.
thermoelectric devices.
To evaluate the performance of one thermoelectric cell, a temperature dif-
ference of 373 K between its two ends was set. Then the generated voltage and
current were measured. This process was repeated in several thermoelectric units
and it was found that the voltage generated under these conditions ranged from
9 mV to 11 mV. The value of the measured output current falls between 3 mA
and 4 mA. Since each cell comprises two junctions, these measured values mean
that every constantan/CNT junction produced 5 mV and 4 mA on average.
The reason why the variations between the measured current and voltage
generated by different cells were observed, is related to the fact that the CNT
film is not a uniform material. The properties of this material can have variations
even between different parts of the same sample. A slight change in the electrical
resistivity of the CNT film will have an effect on the amount of generated current
and, as shown previously, the Seebeck coefficient also varies between samples from
the same batch.
Measurements performed in single thermoelectric layers resulted in generated
voltages of around 70 mV when the layer was exposed to a 373 K temperature
gradient. The output current under these conditions remained close to 3 mA.
The finalised first prototype consisted of 22 layers. Although this number of
layers should have resulted in 154 connected cells, after a careful evaluation of
each unit, it was decided not to connect some of them because their electrical
resistivity was very high and if connected, they would have decreased the overall
output current of the device. The electrical resistivity of the thermoelectric cells
with a good contact between the p-type leg and the n-type leg varied between
1 Ω and 20 Ω. The cells that were fabricated with a defective junction had an
electrical resistivity above that threshold and could reach up to 10 MΩ. Measuring
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Figure 3.7: Picture of the CNT and constantan thermoelectric device formed by
2.5 mm × 20 mm. The alignment of the CNTs in the TE cell is shown by the red arrow.
the electrical resistivity is a good indicator of the quality of the contact between
constantan and the CNTs. The thermoelectric cells with high resistivity were not
removed from the generator but just skipped when the electrical connections were
made. This resulted in a smaller number of active cells than the total number
of cells in the device. The final prototype had approximately 80 % working cells
and 20 % non-connected units.
The performance of this thermoelectric generator was evaluated by immersing
one of its sides into liquid nitrogen. This means the device was subjected to a tem-
perature difference between its two sides of just more than 220 K. The generated
voltage produced by this temperature difference was ≈1.9 V and the electrical
current was 3 mA. These results were consistent with the results obtained from
the measurements performed in single cells and thermoelectric layers.
A second prototype was built using the same manufacture procedure. This
time the width of the cells was 2.5 mm × 20 mm, which is half the size of the cells
in the first prototype. The gap between the cells in the TE layer was reduced to
2 mm and the number of cells per layer was reduced to 5. The total number of
TE cells in the device was 300. During the manufacture, additional steps where
taken to improve the contact between the CNT films and the constantan layer.
Silver paint was applied as the metallic interface between constantan and the
CNT film, pressure at the interface was applied using clamps and the layer was
dried in an oven at 323 K.
Using the same criteria as in the first prototype, TE cells with a resistivity
higher than 20 Ω were discarded. The resulting number of cells was 285 cells,
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Table 3.1: Comparison between the two CNT and constantan thermoelectric devices
Prototype 1 Prototype 2
Unit cell dimensions 5 mm × 20 mm 2.5 mm × 20 mm
Total number of unit cells 154 300
Number of active cells 122 221
Voltage per unit cell
∆T = 100 K 11 mV 8 mV
Maximum voltage output
∆T = 220 K 1.9 V 2.4 V
which was an improvement of 5 % on the percentage of active cells. When a
temperature gradient of 100 K was applied to a single cell, the voltage produced
was 8 mV. Testing the device under a temperature gradient of 221 K, which was
produced by immersing one side of the TE cells into liquid nitrogen, the maximum
voltage recorded was 2.4 mV.
Table 3.1 summarises the characteristics and performance of both devices.
The fabrication procedure used in the second prototype in which the junctions
were hot pressed, improved the quality of the junctions and increased the number
of active cells in the device. This resulted in a TE device which could deliver more
voltage when subjected to the same temperature gradient. The size of the unit
cells was also decreased in the second design, this allowed to pack more TE cell
in a similar space, but at the same time decreased the output voltage of each unit
cell.
As it was already discussed, the overall conversion efficiency of the thermo-
electric device is dependent on the temperature difference, the Seebeck coefficient,
the thermal conductivity and the electrical conductivity of the materials. But the
key factor in the design of a prototype like the ones just developed is the quality
of the junctions between the constantan and the CNT film in each cell. If there
is a poor electric or thermal contact between the constantan and the CNT film
at the junctions, the amount of heat retained at the junction will be lower and
therefore the generated current and voltage will decrease. Also, a small contact
area at the union will increase the electrical resistivity of the whole cell.
These results highlight the importance of the interface between the legs of the
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TE device. The electrical and thermal conductivity of the material used should
be higher than that of the thermoelements, but most importantly, the specific
contact resistivity of the interface, which is defined as the contact resistance by
the contact area, should be minimised. The specific contact resistance decreases





where ZT is the efficiency of the device given by the figure of merit Z multiplied
by the temperature T. L is the length of the thermoelement, ρc is the specific
contact resistance and σ is the electrical conductivity. An estimation of the
effect of the contact resistance required to have efficient CNT TE devices can
be made by assuming an electrical conductivity of the films to be 1500 S cm−1
[111]. This means that the contact resistance should be lower than L/2σ, which
is ρc < 6 × 10−4 Ω cm2 with L = 2 cm.
3.3 Conclusions
The methodology to fabricate hand made thermoelectric devices was shown in
this chapter. CNT films produced using a CVD method were used as the p-
type legs of the TE device and constantan as the n-type semiconductor. To
connect these two semiconductors, silver paint was used as an interface material.
The performance of both devices was evaluated by immersing them into liquid
nitrogen. This produce a temperature gradient of 220 K. Under this conditions,
the first prototype produced 1.9 V and the second one 2.4 V.
The difference between the two devices was the dimensions of the TE cells
and the manufacture process. In the first prototype, the width of the CNT and
constantan stripes were 5 mm and the junction between the n-type leg and p-
type leg was made simply by applying silver paint at the interface of the two
conductors. The second prototype was manufactured to prove the scalability of
the method. the width of the TE cells was reduced to 2.5 mm, but the junctions
were fabricated by drying the silver paint in an oven whilst pressing the contact
at the interface between the n-type and p-type leg. This new process improved
the contact at the interface. The reduced dimensions allowed for more TE cells.
These results showed that improvements to the device could be achieved in
several ways. Enhancing the contact between constantan and CNT at the junc-
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tions which would result in a better heat and electronic transfer and consequently
higher conversion efficiency. Exploring new materials with higher Seebeck coef-
ficients than constantan is another route of improvement. Also, decreasing the
electrical resistivity of the CNT film would lead to higher values of generated
electric current.
In terms of the design, the spacing between individual cells can still be re-
duced, which will also decrease the size of the whole device. Potentially, more
cells could be accommodated in one generator to have a higher output voltage
with a device of the same dimensions as the ones just demonstrated.
But the main conclusion of the present chapter is that the efficiency of a TE
device not only depends on having thermoelements with a high Seebeck coefficient
and good electrical and thermal transports. The quality of the junction is a key
parameter in the manufacture of TE devices. It is required to have a very low
contact resistivity at the junction. This would reduce heat losses due to joule
heating and would improve the movement of carriers through the interface.
In general, to reduce the contact resistance, ohmic contacts or low Schottky
barriers are desired at the interface between the p-type and n-type thermoele-
ments. This type of contacts can be achieved using metallic interconnects. In
the case of the p-type CNT films, when this material is in contact with a metallic
element, the mismatch between the Fermi level of the metal and the valence band
of the CNTs create the Schottky barrier. The height of the Schottky barrier is
determined by the electron affinity of the CNTs, their band gap and the work
function of the metal [112]. The band gap of the nanotube depends on its chirality
and diameter. In the case of the CNT films, which are formed by different types
of semiconducting and metallic nanotubes, it is difficult to determine one specific
value for the energy band gap and electron affinity. Therefore the analysis should
be focused on the metal used at the interface.
Silver paint was used because it simplifies the manufacture process, but there
are some other materials which could improve the contact between the nanotubes
and the metal at the interface. The contact resistance between a metal and a
nanotube is not only related to the work function of the metal, but also to its
wettability. When the wettability of the metal is good, like in the case of Cr,
Fe an Ti, the work function plays a lesser role in the magnitude of the contact
resistance. The better the wettability, the lower the contact resistance. When
the wettability of the metal is poor, the dependence of the contact resistance is
transferred to the work function of the metal. This effect has been associated
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to the number of vacancies in the d orbital of transition metals [113]. Silver has
only one d-vacancy and a work function of 4.26 eV, these values are comparable
in copper (1 d-vacancy and 4.65 eV, but less attractive than Ti and Cr which
have similar work functions but 8 and 6 d-vacancies respectively [113].
This points to the possibility of using other type of metals which would reduce
the contact resistivity at the n-type, p-type interface, increasing the efficiency of
the TE cells.
It is important to note that there are no limits or restrictions to the number
of layers connected in the device or to the number of cells in each layer. Indeed,
linear scalability is a key advantage of thermoelectric generators. Therefore, the
size of the device is not limited to the one just presented. The size and output
values of the generator can be designed to specific applications just by modifying
the arrangement of cells and layers.
This motivates a new type of methodology to make the TE devices, if the legs
can be fabricated with specific dimension and improved transport properties,
there would be more control over the efficiency of the TE device. The following
chapters will explore the fabrication of CNT based devices made by a controlled




In the previous chapter, the manufacture of a hand-made carbon nanotube-based
thermoelectric device was demonstrated. Some problems were identified; a num-
ber of thermoelectric cells were not active due to the poor electric contact between
the p-type and n-type conductors which was caused by the manual assembly of
the device. The fabrication process is time consuming which makes it impractical
from an industrial point of view. To overcome these problems, the possibility of
manufacturing the devices using a printing method was explored.
In order to create macroscopic assemblies of nanotubes using a deposition
technology, it is necessary to find a method to disperse the nanotubes in a so-
lution that can be easily deposited using a printer. This objective requires an
understanding of the parameters that control the dispersability of the materials.
In this chapter the different dispersing methods available are discussed. The de-
velopment of a methodology to disperse CNTs and its effect on the properties of
the nanotubes is investigated in this chapter.
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4.1 Theoretical background
The vast majority of applications which could benefit from using carbon nan-
otubes require the processing of the CNTs into bulk materials that preserve spe-
cific properties of the individual nanotubes. Electronic applications where the
nanotubes are used as current paths require a final product exhibiting the high
electrical conductivity of CNTs, thermal sinks for cooling systems would need the
high thermal conductivity of single nanotubes. In reinforcement applications, ma-
terials made with a network of nanotubes must maintain the structural strength
of the individual tubes.
Unfortunately, the synthesis process of CNTs yields a material made of an
entangled network of nanotube bundles. These bundles are formed due to the
strong electrostatic interaction between the tubes which pulls them together,
forcing them to arrange into stacks of nanotubes. This configuration is known
to hinder the transfer of the properties of individual nanotubes into macroscopic
assemblies [114].
Carbon nanotubes films, ropes or composites can be manufactured through
post processing methods [115–117] or can be produced directly as fibres and films
during the synthesis process using a continuous spinning method [81, 118]. To
be commercially viable, any of these technologies must be capable of delivering
materials with tailor-made properties for specific applications. Furthermore, the
production methodology is expected to be scalable in order to be incorporated
into industrial manufacturing processes. Up to now, this has been a major barrier
preventing the use of carbon nanotubes in real-world applications.
In this respect, processing carbon nanotubes from a fluid-phase into bulk ma-
terials offers more control over the properties of the final product than the solid-
state production methods. During the solubilisation stage the nanotubes can be
sorted or functionalised, careful selection of dispersion method leads to solutions
with specific properties. Extrusion or controlled deposition of the solution pro-
vides different manufacture paths and paves the way to scalability. Extensive
research has been done and is still needed in this field. A successful macroscopic
assembly from liquid-phase requires an understanding of the interaction between
the different molecules present in the solution as well as the underlying mecha-
nisms of the dispersing methodologies.
When dispersing CNTs in any solvent the principal goal is to achieve a free
from aggregates and stable solution. One of the main obstacles to accomplish
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this objective is to separate the individual nanotubes from the bundles which
means overcoming the strong van der Waals force that keeps the tubes together,
approximately 0.5 eV/nm [119]. It is important to avoid the agglomeration of
nanotubes in a dispersion because during the phase transformation from liquid
to solid the agglomerates can produce stress concentration sites in the structure
which could ultimately lead to fractures and failure of the material [120, 121].
The hydrophobic nature of carbon nanotubes which makes them insoluble in
water and their high molecular weight that prevents them from dissolving in most
solvents are also barriers for the production of good nanotube dispersions. From
a thermodynamic point of view, in order to be soluble, the free-energy of mixing
∆GMix of a dispersion must be negative. The free-energy of mixing is a function
of the enthalpy of mixing ∆HMix and the entropy of mixing ∆SMix,
∆GMix = ∆HMix − T∆SMix. (4.1)
In the case of nanotube dispersions, the high molecular weight of the nanotubes
renders a very small entropy of mixing and the discussed strong interactions
between tubes makes the enthalpy of mixing of almost all nanotube-solvent mix-
tures positive. The net effect of the combination of these two factors results in
a positive free-energy of mixing, which makes the nanotubes insoluble in most
solvents [122].
Several techniques have been developed to disperse CNTs in different solvents.
Most of them can be categorised into two different approaches. One encompasses
all methods in which the nanotubes are chemically treated in order to modify their
surface energy by attaching surfactants or through a functionalisation process.
The second approach is dispersing the nanotubes through mechanical techniques
like sheer mixing and ultrasonication. These mechanical methods transfer energy
to the nanotubes in order to separate them from each other. This process tends
to compromise the integrity of the nanotubes and generally reduces the size of
the tubes.
Chemically modifying the surface energy of the nanotubes has the objective of
maximising the dispersability of the CNTs. It has been shown that the enthalpy
of mixing depends on the balance between the surface energy of the solvent and
that of the nanotubes. Therefore, the highest dispersability is achieved when the
surface energy of the CNTs is similar to the energy of the solvent [123].
There are three methods to accomplish this energy balance. The first one
involves the non-covalent attachment of wrapping agents like surfactants, poly-
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mers, peptides and DNA to the walls of the nanotubes [124–126]. The second
strategy is the covalent functionalisation of the walls of the nanotubes. The ob-
jective of these two methods is to improve the wetting and adhesion properties of
the nanotubes to make them more compatible with the solvent and reduce their
intrinsic agglomeration tendency [127]. The third approach, known as solvent ex-
foliation, consist of carefully selecting a solvent that matches the surface energy
of the CNTs in order to obtain stable solutions.
Using solvent exfoliation, carbon nanotubes can be dispersed without the
need of any additives or functionalisation. Solvents like dichloroethane [128], N,
N-Dimethylform [123, 129] and N-methyl-2-pyrrolidone [130] are used in this kind
of dispersing methods. The principal disadvantages of producing CNT solutions
with these solvents are that they are either toxic or posses a low boiling point,
which makes their manipulation more complicated and blocks their introduction
into practical applications [131, 132].
Covalent functionalisation is a method which involves the non-reversible at-
tachment of chemical moieties to the side walls of the nanotubes. The addition
of amino (NH2) and carboxyl (COOH) groups as well as oxygen molecules is
attained through chemical treatments [133, 134]. Some of these molecules induce
repulsion between nanotubes which aids towards the improvement of the misci-
bility of the tubes in different solvents. Liquid crystalline solutions of CNTs in
water and superacids have been prepared using this method [135–137].
While it is possible to solubilise CNTs in a wider range of solvents using
the covalent functionalisation, this process usually requires the treatment of the
nanotubes with acids at high temperature. This not only introduces structural
defects to the nanotube, but it can also digest partially or completely the CNTs
resulting in dispersions with inferior properties [138]. Despite the fact that a
method in which the CNTs were covalently functionalised with chlorosulfonic
acid reported no damage to the walls of the nanoutbes, the solubilisation is highly
dependent on the purity of the CNTs, achieving better dispersabilities with defect-
free nanotubes [139]. This hampers the practical feasibility of the process, as it
would require to select the nanotubes before dispersing them.
The advantage of using covalent functionalisation is that no additives are
required to disperse the nanotubes. On the other hand, any functionalisation
induces modifications to the sp2 framework of the CNTs, which will invariably
affect the electrical properties of the nanotubes [133, 140]. This is an impor-
tant condition to be considered when selecting a dispersion method for electronic
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applications where high conductivities are usually required.
The remaining technique, non-covalent functionalisation, is a method in which
agent molecules are physically attached to the surface of the nanotubes. The ab-
sorption takes places through weak physical interactions such as π−π staking for
uncharged molecules like DNA and uncharged surfactants, Coulombic attraction
in the case of charged molecules or hydrophobic interactions for dispersions in
water. This approach is very promising due to the fact that it does not alter the
π−electron cloud of the nanotubes, which means that the intrinsic electrical prop-
erties of the nanotubes are preserved whilst improving the interfacial interaction
between the CNTs and the solvent [141, 142].
The drawback of using the non-covalent method is that the additives used
to stabilise the suspension require further purification processes in order to be
removed. Sometimes this cannot be achieved completely, resulting in additional
electrical resistance at the nanotube junctions [143].
The mechanical methods, ultrasonication and sheer mixing, are used to input
energy into the solution. This energy serves to separate the tubes and create
inter-space for the stabilising molecules. It is important to note that the utrason-
ication or sheer mixing of a solution without the adequate selection of a solvent or
stabilising agent will lead to reaggregation of the CNTs. A second consideration
to be made is that the use of mechanical energy invariably damages the struc-
ture of the nanotubes. For these reasons the sonication parameters to achieve a
an optimal dispersion need to be determined for every specific application. The
sonication mechanisms are discussed in detail in Section 4.3.
In order to develop a dispersion methodology whose final product could be
used in a wider range of applications, the use of toxic solvents and methods
that could highly compromise the integrity of the transport properties of the
nanotubes was avoided. Throughout this work, the parameters to fabricate dis-
persions of nanotubes in water that could be deposited using a printing system
were researched. The following section covers the selection of the surfactant and
its effect on the nanotube dispersion properties.
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4.2 Surfactants
Surfactants are molecules composed of polar and apolar groups. Due to their ten-
dency to adhere at the interface of immiscible phases and form supra-molecular
structures through self absorption, these molecules are widely used in the produc-
tion of dispersions. Structurally, a surfactant is an amphiphilic molecule, with
the polar head being the hydrophobic region and the tail group or hydrophobic
section which is generally formed by hydrocarbon chains [127].
The classification of surfactants is done according to the charge of its polar
head. Those with no charge are called non-ionic surfactants and ionic surfactants
are those with a charged head. More specifically, ionic surfactants with a posi-
tive charge are known as cationic and anionic if they posses a negatively charged
head. Non-ionic surfactants attach to the surface of the nanotubes through strong
hydrophobic interactions between the surface of the particle and surfactant’s
tail. The interaction of ionic surfactants with the particle’s surface is driven
by Coulombic attraction between the charged head and charged regions in the
particle [144].
The mechanisms by which nanotubes are dispersed in water depend on the
specific surfactant used. In broad terms, these molecules coat the nanotubes in-
ducing electrostatic or steric repulsions that oppose the van der Waals attraction
between the nanotubes impeding their agglomeration. At the same time, the hy-
drophilic groups of the surfactant associate with water, which reduces the surface
energy of the interface resulting in a thermodynamically stable dispersion [145].
Figure 4.1: A) Diagram of the debundling process induced through high shear sonication
and the absorption of surfactant molecules. B) cryo-TEM image of a nonutbe dispersion. The
arrows show the location of the surfactant molecules. Image reproduced from [146].
Carbon nanotube dispersion in water are generally achieved through the soni-
cation of an aqueous solution containing CNT and low surfactant concentrations.
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It has been proposed that the sonication provides the energy necessary to sepa-
rate the ends of the bundles through high local shear. A diagram of this process is
shown in Figure 4.1. The spaces created between the nanotubes serve as sites for
the absorption of surfactant molecules. As the high shear continues separating
the nanotubes the absorption process also continues and the surfactant propa-
gates along the bundles separating them in a unzip-like fashion [147]. The TEM
image by Bandyopadhyaya et al. in Figure 4.1 shows this process happening in
a dispersion of CNT using Gum Arabic as surfactant [146].
During the dispersion process, an equilibrium between the surfactant particles,
the nanotubes that have been separated from the bundles and CNT aggregates
is established. This equilibrium is dependant on the surfactant’s concentration
[147]. The concentration at which the agent molecules have occupied all the
available spaces in the nanotube walls is know as the critical micelle concentration
(CMC). Below this concentration, the surfactant molecules cannot fully balance
the electrostatic forces between the nanotubes and aggregates can still be found
in the dispersion. Above the CMC, the surfactant start to self-aggregate into
supramolecular assemblies called micelles [148].
The interaction between the surfactant and the CNTs depends on how the
surfactant molecules arrange themselves onto the nanotube walls. Several config-
urations depending on the surfactant’s concentration have been proposed. Simu-
lations show that at low densities the surfactant molecules lay flat on the surface of
the nanotubes and evolve with increasing concentrations into cylindrical micelles
or hemimicelles which can accommodate a higher density of molecules [149–151].
Other studies found that there is no particular arrangement of the surfactant on
the nanotubes and that the final configuration is also dependent on the nanotube
diameter [152–154].
The dispersing efficiency of a surfactant is also related to how strongly it
attaches to the surface of the nanotube. Surfactants possessing a benzene ring in
their structure have a better adsorption due to the π − π interactions with the
nanotube walls. The length of surfactant’s alkali chain also affects its dispersing
power. Longer tails provide higher spatial volume which translates into stronger
repulsive forces which keep the individual nanotubes apart from each other [141].
When surfactants with a similar benzene rings or headgroups were compared,
those with larger tails proved to be better dispersing agents. Dodecyl was found
to be the minimum alkali chain length needed to disperse SWCNTs [124, 151].
Despite the fact that ionic and non-ionic surfactant are both capable of dis-
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persing CNTs in water, using non-ionic surfactants can lead lower electrical con-
ductivities. The dispersing mechanism of non-ionic surfactants is highly depen-
dent on the size of the hydrophilic group of the molecule. Therefore polymers
with high molecular weight are needed to disperse the CNTs in water. Using
surfactants with long hydrophilic tails creates large spaces between tubes which
results in an increased percolation threshold [155]. This is a disadvantage for
applications which require the formation of a nanotube network that permits
electric transport.
A wide variety of ionic surfactants can be used to disperse CNTs in wa-
ter. Amongst them, the molecular surfactants sodium dodecyl sulfate (SDS) and
sodium dodecylbenzenesulfonate (SDBS) are widely used due to their high nan-
otube quenching rate. Both surfactants have a polar headgroup and a symmetric
non-polar tail. They differ by the benzene ring which is only present in the
structure of SDBS.
Studies comparing these surfactants have shown that the desorption energy
of SDS is larger for tubes with small diameters, which translates into SDS being
more efficient at dispersing small diameter tubes. This tendency has not been
observed in SBDS, which suspends equally nanotubes of all diameters. This
diameter dependence of SDS can be explained if it is considered that smaller
nanotubes permit a higher packing density of the surfactant tails leading to a
reduction of the electrostatic repulsion of the headgroups. In the case of SDBS,
this effect is enhanced by the attraction between the benzene rings, which balances
the surfactant molecules regardless of the tube diameter [156, 157].
The amount of surfactant required to prepare a water dispersion of CNTs
is a function of the CMC. The lower the CMC value, the lower the surfactant
concentration required to achieve an stable dispersion. Taking into account the
diameter dependence of SDS and the fact that SDBS has a lower CMC than SDS,
SDBS can be considered as a more suitable choice for the fabrication of conductive
macroscopic assemblies of nanotubes from aqueous dispersions [156, 158].
Although SDBS is commonly used in personal care and household products
like soaps, detergents and toothpaste. Studies in human skin and other animals
reported that the product can cause skin irritation and eye damage [159, 160]. But
the main cause of concern when using SDBS is its environmental impact. Reports
have shown that the swimming behaviour of fish can be affected by concentrations
of SDBS higher than 12.5 mg/l in water [161, 162]. Despite the fact that most
surfactants are degraded in sewage plants or by microbial activity, its excessive
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use could cause an accumulation that would have a detrimental impact to the
ecosystem [163]. From this perspective it is important to minimise the use of
surfactant molecules in the preparation of CNT dispersions.
4.2.1 Experimental section
The carbon nanotubes used in this work were synthesised via Chemical Vapour
Deposition (CVD). A mixture of ferrocene and toluene is introduced into the hot
zone of a furnace using a flow of argon as a carrier gas. In this process toluene
acts as the carbon source. Inside the high temperature section of the furnace,
ferrocene decomposes into iron particles that serve as a catalyst for the nucleation
of the carbon atoms. While the synthesis process continues, the nanotubes tend
to grow aligned perpendicularly to the quartz substrate. This CVD technique
produces a combination of single walled (SWCNT) and multi-walled nanotubes
(MWCNTs) dominated by tubes of several walls. It has been reported that the
diameter of the nanotubes falls between 20 nm and 70 nm [164, 165].
A solution with a 5 % mass fraction of ferrocene in toluene was injected at
a feed rate of 5.6 ml/min into the first section of the furnace. This zone was
preheated to 180 ◦C to ensure the evaporation of ferrocene and toluene. The flow
of argon was set to 1 l/h to transport the feedstock into the second stage of the
furnace which was heated to 760 ◦C. The synthesis process lasted 6 h.
The formation of CNT films from a liquid phase requires the deposition of
the solution onto a substrate. During this process it is fundamental to have
control over the ratio of evaporation speed of the solvent to the lateral spreading
of the dispersion [166]. For water-based CNT suspensions, the quality of the
dispersion has a strong effect on the film formation process. Figure 4.2 shows a
dried drop of a CNT dispersion deposited on a glass slide. The strong attraction
between nanotubes causes their re-aggregation into small islands. This occurs
due to the non-homogeneous evaporation process which is promoted by different
concentration gradients in not fully dispersed solutions [167].
Due to their high surface-to-volume ratio, surfactant molecules adsorbed on
the surface of the CNTs are a considerable fraction of the mass of the CNTs
[168]. These molecules create electrical barriers at the junctions between nan-
otubes diminishing the electrical conductivity of the whole CNT network. For
these reasons it is necessary to find the minimum surfactant to CNT ratio that
maximises the solubility of the nanotubes in water. To determine this quan-
titative relation five dispersions were prepared keeping the CNT concentration
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Figure 4.2: Effect of the dispersion quality on the deposition of water-based CNT solutions.
constant and varying the surfactant concentration.
A 1 % mass fraction of CNT were dispersed in 25 ml of deionised water. The
surfactant mass concentrations of the dispersions were 0.25 %, 0.5 %, 1 %, 1.5 %
and 2 %. The surfactant used was dodecylbenzenesulfonic acid sodium salt, 88 %,
technical grade from ACROS organic. Each dispersion was sonicated for 1.5 h us-
ing a digital sonifier Branson 450 with a 19 mm disruptor horn. This equipment
provides a 20 kHz sonication frequency and adjustable power output with a maxi-
mum of 400 kW. The sonication parameters were set to 20 % of the power output
and an intermittent sonication pulse of 2 s ON and 0.5 s OFF. To maintain the
dispersion at a low temperature and avoid water evaporation during the sonica-
tion process, the suspension was immersed in an ice-bath.
Immediately after sonication, 1 g of each dispersion was separated on a vial
and centrifuged for 1 h at 220 Hz using an Eppendorf 5415R centrifuge. Figure 4.3
shows a picture of the 0.5 % to 2 % dispersions (from left to right) after being
centrifuged. It can be observed that the precipitation of the nanotubes is higher
as the surfactant concentration increases. Above 1 % mass fraction of SDBS the
precipitation of the nanotubes becomes apparent and at a concentration of 2 %
the majority of the nanotubes have precipitated.
At surfactant concentrations above the CMC surfactant aggregates are formed.
These micelles do not fit between nanotube bundles and as consequence they start
exerting an osmotic pressure around the bundles that they surround. This effect is
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Figure 4.3: CNT and SDBS dispersion centrifuged at 220 Hz. The SDBS concentration from
left to right are 0.5 %, 1 %, 1.5 % and 2 %.
known as depletion attraction and causes the reduction of the electrostatic repul-
sion between the nanotube bundles. When the pressure generated by the micelles
is high enough, the net effect is an attraction between the nanotubes which forces
them to re-aggregate in order to reduce the osmotic pressure [169–171]. This ex-
plains the precipitation observed in the dispersions above 0.5 % concentration.
The optimal surfactant concentration is achieved when a balance between this
depletion interaction and the maximum surfactant absorption is reached.
Thermogravimetric analysis (TGA) was carried out to determine the exact
concentration of SDBS and CNTs in each dispersion. TGA is a destructive ana-
lytical technique used to measure the thermal stability of materials. By heating
up the material and recording the mass loss as a function of temperature, the
ratio of volatile components in a sample can be determined. TGA measurements
can be carried out in an inert or an oxidative atmosphere [172]. In a standard
measurement a constant heating rate is applied. The resolution of the measure-
ment is dependant on the magnitude of the heating rate. Smaller heating ramps
will normally result in higher resolution measurements but will take consider-
ably more time. An alternative technique called high resolution TGA uses a
dynamic heating technique in which the heating rate is modified according to the
mass change of the sample. If there is no mass change the heating rate remains
constant but when the instrument detects a mass change, the heating rate is
decreased to achieve higher accuracy. This technique has the advantage of im-
63
Chapter 4. Carbon nanotube dispersions
proving the resolution of the measurement without extending the length of the
experiment but it is restricted to instruments with this capability [173, 174].
The thermal decomposition of CNTs is well documented. During the thermal
degradation of CNTs, the major mass loss is attributed to the oxidation of carbon
into gaseous carbon dioxide. The carbon content of the sample corresponds to
CNTs and carbonaceous materials. The degradation of the latter is expected to
be the first one to occur followed by nanotubes with defects and small diameters.
Defects like vacancies, dislocations or any disruption in the CNT lattice increase
the reactivity of the CNTs. The diameter of the nanotubes also has an effect on
the reactivity of the material. As the degree of curvature of the tube increases, the
reactivity also increases. For this reason SWCNTs and tubes of small diameter
will degrade faster than MWCNTs. The amount of metallic particles in the
sample can also be determined using TGA if the measurement is stopped before
the degradation temperature of these particles is reached [173, 175–177].
Using TGA, the concentration of SDBS that produces the highest concentra-
tion of nanotubes in a dispersion was found. The measurements were performed
using a Meter Toledo thermogravimetric analyser. The samples were placed in
70 µL alumina crucibles and introduce into the equipment at 30 ◦C. All the mea-
surements were carried out in air. The temperature range of the analysis was set
from 30 ◦C to 1000 ◦C. The heating ramp used in all measurements was 10 ◦C/min.
For higher accuracy, prior to any set of experiments, a measurement with empty
crucible was performed (blank curve) and the results were used to automatically
subtract the background noise.
Figure 4.4 shows a typical curve of the thermal decomposition process of a
CNTs and SDBS dispersion. Immediately after the sonication process, a sample
of supernatant was taken and TGA was performed. The major drop in weight ob-
served between 80 ◦C and 150 ◦C corresponds to the evaporation of water. Given
the composition of the sample, the remaining material after 150 ◦C is a combi-
nation of carbon nanotubes, SDBS and possible residues of the CNT synthesis.
The inset in Figure 4.4 shows that the decomposition of these materials occurs
between 300 ◦C and 650 ◦C. This particular sample contains 96.7 % of water and
2.3 % of carbon and surfactant. The remaining 1 % which can be calculated from
the tail of the curve after 800 ◦C corresponds to the residues of the catalytic iron
used in the synthesis process of the nanotubes.
Further thermal analysis was performed to understand the decomposition of
CNT and SDBS and to determine the exact ratio of theses materials in the
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Figure 4.4: Thermal decomposition curve of a CNT and SDBS dispersion in water. The inset
shows the detail of the second weight loss that occurs between 300 ◦C and 650 ◦C.
dispersion. For this purpose, liquid samples were placed in pre-weighted alumina
crucibles. Before carrying out the TGA, the water in the sample was removed by
placing the crucibles in a hot pan at 100 ◦C for 30 min. The dried samples were
analysed using the same experimental parameters.
The results of the TGA of a dried sample are shown in Figure 4.5. The
black curve represents the weight loss of the sample and the red curve is the first
derivative. The maxima points of the derivative mark the temperatures at which
the highest flux of heat occurs. These points in the curve represent the thermal
stability of material and are used to determine its oxidation temperature [178].
Single peaks in this curve indicate the decomposition of an individual material.
Shouldered peaks like the one seen in Figure 4.5 between 400 ◦C and 700 ◦C occur
during the thermal degradation of multiple materials.
The deconvolution of these peaks can be done by analysing the decomposition
curves of CNT carpets and surfactant. The TGA curve of a powder sample of
SDBS is shown in Figure 4.6. Two plateau regions are clearly defined: the first
one from room temperature to 400 ◦C followed by major mass fraction loss of 50 %
which occurs between 400 ◦C and 450 ◦C. This first decomposition step can be
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Figure 4.5: TGA curve of a dried sample of CNTs and SDBS. The black curve represents
the weight loss of the sample at different temperatures. The derivative curve in red has been
inverted for visualisation clarity.
66
4.2. Surfactants
Figure 4.6: TGA curve of SDBS powder. The black curve correspond to the weight loss and
the red curve is the 1st derivative.
Figure 4.7: TGA curve of as prepared CNT carpets.
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Figure 4.8: TGA curve of a dried sample of CNTs and SDBS showing the derivatives of the
carbonaceous elements (red curve) and the surfactant (blue dotted curve).
attributed to the degradation of the dodecyl chain (C12H25) which corresponds
to approximately 49 % of total molecular weight. The remaining polymer would
be an aromatic compound which remains stable until the second decomposition
at 800 ◦C. This organic compound has double bonds and a SO3 group which
stabilises it. After the full decomposition of this polymer, there is a residual com-
pound of sodium, possibly sodium oxide (Na2O), equivalent to 20 % of the total
weight. This residual material remains stable until the end of the experiment.
Figure 4.7 shows the TGA performed on as produced CNT carpets. The
carbon based material starts burning at 470 ◦C. Between this temperature and
550 ◦C the weight loss can be attributed to the degradation of small diameter
tubes, amorphous carbon and highly defective nanotubes. These materials are
thermodynamically less stable than the well-structured carbon [178, 179]. A
major mass-loss event occurs between 550 ◦C and 700 ◦C, it corresponds to the
degradation of different CNTs species. The high temperature achieved during this
step can be associated to the amount of MWCNT present in the sample [180].
The residual mass left after 700 ◦C, approximately 8.5 % of the total weight, are
the iron particles used as catalyst in the synthesis process.
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Figure 4.9: A) Surfactant and CNT concentration of dispersions with varying initial surfactant
mass fraction. B) Initial and final CNT to SDBS ratio
Overlapping the derivative curve of the SDBS decomposition process (dotted
line) to the degradation curve of the dried dispersion in Figure 4.8, the exact
composition of the dispersion can be determined. At 450 ◦C, 20 % of the material
has been evaporated. According to the analysis of SDBS, this amount corresponds
to 50 % of the total amount of surfactant in the dispersion. This means that this
particular sample contains 40 % of surfactant and 60 % of carbonaceous materials
and catalytic particles. After this temperature and before 550 ◦C there is a weight
loss of 20 % due to the oxidation of amorphous carbon. The thermal degradation
of the CNTs occurs between 550 ◦C and 720 ◦C and corresponds to 34 % of the
total mass of the sample. The residual mass of 26 % are the remaining surfactant
particles and the catalytic iron.
This particular sample was prepared with 1 % mass fraction of CNT and 1 %
mass fraction of SDBS. The results of the TGA correspond approximately to the
original proportions. 60 % of the material comes from the CNT carpets and 40 %
from the surfactant. The CNT concentration of the dispersion considering the
amorphous carbon is thus 1.08 % and removing the defective carbon and the iron
particles is 0.68 %. This is the amount of material that will contribute to the
formation of the CNT network.
Using this type of analysis, the final carbon nanotube and surfactant concen-
tration for each dispersion was calculated. The results are plotted in Figure 4.9.A
The initial CNT mass fraction of every dispersion was 1 %. The concentration
increased due to the evaporation of the solvent during the sonication process.
The highest concentration of nanotubes after the dispersing process was achieved
with a surfactant concentration of 0.25 %. As the SDBS concentration increased,
the ratio of surfactant to CNTs appears to achieve a limit.
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This is illustrated in Figure 4.9.B. The plot shows the initial and final ratio
of CNT to SDBS. The highest ratio achieved was CNT:SDBS equals 1:5. When
the SDBS concentration increased, the ratio tends to a value of 1:1. This result
is important as it means that no matter how much surfactant is added to the dis-
persion. The maximum concentration used should be equal to the concentration
of CNTs.
4.3 Effects of sonication
As discussed in Section 4.2, some form of mechanical energy is used to sepa-
rate the nanotubes and introduce the surfactant molecules needed to solubilise
them in water. The main drawback from this technique is that it introduces
defects to the nanotubes, from wall fractures to the complete destruction of the
tubes. The destruction of single walled nanotubes starts in localised regions of the
CNTs, breaking them into smaller tubes. In the case of multiwalled nanotubes
it commences destroying the outer walls, thinning the tubes at the same time
that it shortens them. If the nanotubes are completely destroyed they transform
into amorphous carbon. All these damages alter the electronic properties of the
CNTs. It is therefore important to control the sonication parameters to be able to
de-bundle them with a minimum damage to the nanotubes structure [181–183].
When the nanotubes are ultrasonicated three physical processes occur, forma-
tion and destruction of bubbles, heating and formation of radicals. The formation
of bubbles or cavitation is the main cause of nanotube damage. As the bubbles
nucleate on the nanotube walls they grow and collapse, releasing energy that can
push the nanotubes apart or damage the CNTs walls at the nucleations sites. The
size of the bubble is determined by the oscillation frequency of the ultrasonication
equipment. High frequencies of approximately 4000 kHz typical in ultrasonica-
tion baths produce small bubbles. Low frequencies of about 20 kHz are common
in disruptor horns. At this low frequencies large bubbles are produced releasing
more energy when they collapse [138].
As the ultrasonicator horn oscillates at a fixed frequency, energy is transferred
to the fluid within a conical area surrounding the horn tip. The bubble nucleation
and collapse causes a flow of material that leaves and re-enters the energy field
around the tip. The size of this conical area depends on the viscosity and boiling
point of the fluid. In solutions with high viscosity the recirculation through the
energy zone is reduced which decreases the efficiency of the sonication. In the
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case of carbon nanotubes, bubbles can become trapped within the CNT bundles,
which also reduces the liquid flow affecting the energy transfer to the solution.
This effect is therefore intensified with high CNT loadings which increase the
viscosity of the dispersion [138].
If CNTs are dispersed in water through sonication without any additives,
the CNTs will re-bundle after the sonications stops. Using a surfactant in the
dispersion will prevent re-agglomeration to happen. A previous study has shown
that the addition of surfactants does not have an effect on the shortening of the
nantotubes, only helping the de-bungdling process. This study also suggests that
the first process to occur during sonication is the disentanglement of the nanotube
bundles and then the tube degradation upon continued sonication [142]. This
theory rivals the conclusions of other works that suggest the shortening occurs
immediately after the sonication starts [184, 185]. In either case, it is important
to limit the sonication time to avoid tube damage.
4.3.1 Experimental section
To study the effect of sonication on the carbon nanotube length, CNTs were
dispersed in water using the same procedure described in Section 4.2.1. The
Branson sonifier was used with a 20 % amplitude power and the horn tip was
immersed 50 mm into the solutions. The energy transfer from the horn to the
sample depends on the immersion depth of the horn into the liquid. For a fixed
power amplitude, the ultrasonication rate energy increases with the immersion
depth [142]. It is thus important to maintain the immersion depth as a fixed
parameter in order to compare the results of the different experimental runs.
The sonication process causes the dispersion to heat up. The increase in
temperature is high enough to evaporate the water. To avoid this, the samples
were placed into an ice bath during the experimental runs. For dispersions with a
high CNT content (> 0.5 wt%) the energy transfer from the sonicator horn to the
sample is restricted by the large particles formed by the entangled nanotubes. The
CNT bundles have a large aspect ratio and empty spaces between the nanotubes,
the volume that a few mg of CNTs occupy is large enough to saturate the solvent,
this prevents the flow of liquid to leave and re-enter the energy field around the
horn tip. This can be observed during the sonication as the nanotubes are only
dispersed in the conical area formed around the horn tip.
This effect can also be observed if the power output of the sonicator is plotted
at different times during the sonication process. Figure 4.10 shows the evolution
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Figure 4.10: Evolution of the sonicator power output for a 0.5 wt% CNT and SDBS dispersion
in water. The blue line represent the power output at different times during the sonication.
The red dotted line marks the points where the process was stopped and the sample manually
readjusted.
of the sonicator’s power output when dispersing a 0.5 wt% solution of CNTs and
SDBS in water. This measurements were made using the Branson sonicator at
20 % of power amplitude. The blue line represents the power that the horn delivers
to the sample. The initial power, 36 W, decreases as the CNTs around the horn
are dispersed but contained within the conical area around the horn. To prevent
this from happening, the instrument was stopped and the sample manually mixed
and placed again in the sonicator. This manual readjustment of the sample is
marked in Figure 4.10 as the red dotted line. Throughout the experiment this
effect repeats until the nanotubes achieve a degree of dispersion that allows the
recirculation of liquid around the tip. This is observed in Figure 4.10 as the
increase in power transmitted to the sample between 20 min and 30 min. After
this point there is a constant recirculation of fluid which translates into a constant
energy transfer from the sonicator tip to the dispersion.
For dispersion with a CNT load of 1 wt% or above, the minimum amount
of time required to fully disperse the nanotubes is between 2 h and 3 h. Two
dispersions with a CNT mass fraction of 1 % and 0.25 % of SDBS were prepared
to investigate the effect of this amount of sonication on the size of the tubes.
The first dispersion was sonicated for 2 h at 20 % of the power output of
the sonicator. The second dispersion was sonicated for 3 h. An intermittent
sonication pulse of 2 s ON and 0.5 s OFF was set for both sonication processes.
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Figure 4.11: Cumulative length distribution of MWCNTs after a sonication process of 2 h and
3 h.
Figure 4.12: Differential length distribution of MWCNTs sonicated for 2 h and 3 h.
Both samples were kept on an ice bath during the sonication.
After the dispersing process, samples of both dispersions were analysed using
an SEM microscope. Ten images of each dispersion were taken at two different
magnifications (≈4000 x and 9000 x). These images were used to calculate the
size distribution of CNTs in each dispersion.
The images were processed using Inkscape software. Five nanotubes were
randomly chosen from each image and the size of each tube was calculated. The
size of fifty tubes were collected for each dispersion. Using these fifty points the
frequency distribution of the nanotube size in each dispersion was calculated.
The size frequency of the nanotubes length can be fitted with a log normal
model [138]. The log normal distribution is a function of the mean value (µ)
and standard deviation (σ) of the natural logarithmic of the tubes length. This
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where L is the size of the nanotubes.
The cumulative frequency distribution shown in Figure 4.11 was calculated
from the contribution of each observed length. This plot shows that for longer
sonication times, the change in tube size is smoother than the one occurring for
shorter sonication periods. This means that difference between the nanotubes
lengths is smaller. This translates into smaller nanotube sizes with prolonged
sonications.
The frequency distribution in Figure 4.12 shows the amount of nanotubes
with a specific length. In the case of the solution sonicated for 3 h, the majority
of tubes will have an average length of 3.4 µm and for a sonication time of 2 h the
average length of the tubes is 4.16 µm.
These results were expected, as longer sonication times will tend to damage
the tubes for longer periods. This method can be used to quantify the damage
to the tubes, but more importantly is a parameter to decide the appropriate
sonication time when shorter or longer tubes are needed.
4.4 Conclusions
The aim of this chapter was to develop a methodology to disperse carbon nan-
otubes. As produced, CNTs form different types of networks; in the form of
carpets or forests, they grow perpendicularly to the surface of a substrate and
parallel to each other. When produced as fibres or films, the CNTs grow in an
entangled network of bundles. In order to change the CNTs from these configura-
tions into a printable solution, which remains stable through the printing process,
it is necessary to de-bundle the nanotubes and stop their re-aggregation.
To avoid toxic materials, which would limit the potential applications of this
dispersion, water was chosen as the solvent. As CNTs are not miscible in water
some type of functionalisation is necessary to disperse the nanotubes. Surfactants
provide a non-covalent functionalisation that does not alter the nanotube struc-
ture and renders them miscible in water. For this reason adding a surfactant to
the dispersion and applying sonication was the route used to disperse the CNTs.
Sodium dodecylbenzene (SDBS) was used as the surfactant. Two important
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factors were identified which indicate that the amount of surfactant used in the
dispersions should be minimised. The fist one is related to the toxicity of SDBS;
although for humans it is very low, the excessive use of this molecule could have
an impact on the environment if it is not adequately disposed or treated. But
perhaps the main factor to consider is the effect it has on the electric and thermal
properties of the nanotubes.
From a thermoelectric point of view, it is important to maintain the electrical
conductivity of the nanotubes after the dispersion has been deposited on a sub-
strate. In water, the surfactant molecules attach to the walls of the nanotubes
through the polar head whilst the hydrophilic tail of the surfactant prevents the
CNTs from re-bundling. When the dispersion is deposited on a substrate and wa-
ter evaporates, the nanotubes form a network but the surfactant molecules remain
attached to them. The charge flow within this network occurs by charges travel-
ling through the nanotubes and hopping between adjacent tubes. The surfactant
molecules affect this charge flow by creating electric barriers for the charges and
this increases the overall resistance of the CNT network.
The minimum amount of surfactants in a dispersion is defined by the quantity
required to fully disperse CNTs. It was shown that when a suspension of CNTs
is not homogeneously disperse it leads to non uniform depositions. To find the
optimum ratio of SDBS to CNTs, different surfactant concentrations were studied
and it was found that above 0.5 wt% of surfactant agglomeration of CNTs starts
to form. This concentration defines the balance point between the maximum
surfactant absorbed by the CNTs and the depletion interaction which cause the
nanotubes to collapse towards each other as the osmotic pressure applied by the
surfactant molecules accumulates.
Part of the dispersing process involves sonicating the suspension to separate
the nanotube bundles and introduce the surfactant molecules. This process has
several effects on the dispersion and in the nanotubes. After sonication, the initial
concentrations change due to the evaporation of the solvent and the destruction of
CNTs and surfactant molecules. Using thermogravimetric analysis this effect was
characterised. The technique presented in this chapter allows the quantification
of the exact mass proportion of CNTs and SDBS in a dispersion.
To produce electrically conductive tracks of nanotubes from CNT dispersions,
it is necessary to reach the percolation threshold during the deposition. This
requires a high concentration of nanotubes in the dispersion which translates
into longer sonication periods. This prolonged sonication cause more damage
75
Chapter 4. Carbon nanotube dispersions
to the nanotubes. To investigate how the this process affects the CNTs, the
length of the nanotubes was analysed using SEM images of samples sonicated for
three and four hours, this is the time required to disperse solutions with more
than 1 wt%. The results revealed that after 3 h of sonication the CNTs are 20 %
shorter than the ones sonicated for 2 h. This result shows the importance of using
a minimum sonication time, as shorter nanotubes will create a CNT network with
more nanotube junctions, which means the charges will have to travel across more
potential barriers.
In the following sections, the dispersion methodology presented in this chapter
will be used to explore the thermal and electrical properties of conductive tracks
made from CNT dispersions. As this process can be used regardless of the initial
morphology of the nanotubes, the dispersions can be produced from carpets,
films, forest or from doped CNTs. This presents an advantage in the fabrication
process of thermoelectric devices as both types of conductors required (p-type





The fabrication of a thermoelectric device requires a flow of positive and negative
charges through the thermoelectric elements. To achieve this, a donor of positive
charges is joined with an electron donor. Normally this n-type, p-type configu-
ration is formed using two completely different materials or by doping a p-type
source to convert it into a negative donor. In this chapter the conversion of carbon
nanotubes from p-type to n-type semiconductors through doping is investigated.
The objective of this procedure is to use the dispersion technique developed in
Chapter 4 to prepare an n-type water based carbon nanotube dispersion that can
be deposited using a printing method.
5.1 Nitrogen doping
The sign of the Seebeck coefficient of as-produced carpets of MWCNTs has been
measured to be positive. This would imply that the majority of carriers are holes
produced by the semiconducting nanotubes. The value of the thermoelectric
power is the net effect of the contribution of metallic and semiconducting tubes.
It has been suggested that the large p-type behaviour exhibited is not an intrinsic
property of the CNTs but rather an effect caused by oxygen doping.
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Collins et al. showed that after introducing CNTs into a vacuum chamber
and removing the oxygen, it was possible to shift the sign of TEP from positive
to negative. The sign would reverse again when oxygen was reintroduced and the
nanotubes became again hole-doped due to the electron affinity of the adsorbed
oxygen [186]. Air exposure of the nanotubes will immediately dope them with
oxygen, which can only be completely desorbed after heating the CNTs above
420 K in vacuum conditions. Theoretical calculations of the density of states of
an oxygen-doped nanotube showed that oxygen mainly affects the semiconduct-
ing tubes. The electronic orbital of oxygen can slightly overlap the one of the
nanotubes becoming a source of positive carriers or holes [187].
Several doping strategies to reverse the p-type behaviour of the CNTs have
been explored. Treatments with alkali-metals have been used to improve the
conductivity of the tubes and to induce a change of carrier density from holes to
electrons [188]. The main problem with this technique is that it is not air-stable
which makes it unfeasible for many practical applications. An alternative doping
method consist of exposing the nanotubes to reducing agents like NaBH4 [189].
Another approach is to coat the nanotubes with molecules which work as
electron donors. Aromatic amines, polymers like polyethyleneimine (PEI) and
other organic dopands can be used to wrap the nanotubes and use the lone-pair of
electrons in the nitrogen atoms to shift the Fermi energy level into the conduction
band changing the nanotube conduction from p-type to n-type [190–192]. This is
achieved through a physisorption process in which the polymer molecules around
the nanotubes attach to other polymer molecules. The drawback from this kind
of methodology is that in the case of MWCNTs, the n-doping occurs only in the
external nanotubes leaving the internal walls as p-type semiconductor. Thus the
total conduction is a combination of the p- and n-type section, which reduces the
electrical conductivity [193].
Nitrogen is used as a carbon nanotube dopant because the small size of the
atom allows it to be introduced into the CNT lattice. Several configuration in
which the nitrogen atoms can be incorporated into the CNT lattice have been
discussed, but in the principal ones the nitrogen atom can substitute one carbon
atom (graphitic), sit in-plane within the carbon framework in a five-fold ring
(pyrrole-like) or in a weaker two-coordinate fashion sharing electrons with only
two carbon atoms (pyridine-like) [194]. It is possible to grow nitrogen doped CNTs




Figure 5.1: A) Optical microscope image of a nitrogen doped CNT carpet. B) SEM image of
the same N-doped sample. The nanotubes are longer than 15 µm.
Different research groups have reported the synthesis of CNTs which showed
the three types of N-doping using a CVD technique and different nitrogen sources
[179, 195–197]. Besides being air-stable, one advantage of it is that opposite to
the process describe above, not only the external tubes are doped, but also the
inner ones [198]. This increases the overall carrier density of the network, which
could lead to higher TEP values.
5.2 Experimental results
Two types of nitrogen-doped carbon nanotubes were grown through CVD deposi-
tion. The synthesis process was carried out in a similar way to the one described
in Section 4.2.1 for the synthesis of MWCNTs. Pyrazine and benzylamine were
used independently as nitrogen sources. These were mixed with ferrocene and
toluene to form the CNT feedstock solution. This mixture was introduce into the
first zone of furnace at 453 K at a rate of 7.2 ml/h. A flow of 0.7 l/min of argon
was used as carrier gas to move the evaporated mixture into the central section
of the furnace which was heated at 1033 K.
For the CNTs grown using pyrazine, the feedstock solution was made with
a 3 % mass fraction of ferrocene, 67 % of toluene and 30 % of pyrazine. The
feedstock for the benzylamine synthesis was a mixture of 5 % mass fraction of
ferrocene, 75 % of toluene and 20 % of benzylamine. In both cases the synthesis
lasted 4 h.
This synthesis process produces nonotubes longer than 15 µm and possibly up
to 100 µm. The diameter of the tubes is 7.2 nm. Figure 5.1 is an image taken
using an optical microscope and another one taken using an SEM. They show the
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Figure 5.2: Raman spectra of the CNT carpets grown using 20 % mass fraction of benzylamine
as nitrogen source.
size and shape of the carpet grown using pyrazine. The SEM image shows the
carpets are formed by entanglements of long tubes. The diameter was calculated
using the average of 100 tubes taken from SEM images taken in 10 different points
in the sample. The length of the tubes synthesised with benzylamine falls within
the same range as the pyrazine tubes. The average diameter is larger, 13.4 nm
which is consistent with the results reported previously for N-doped CNTs grown
under similar conditions [199].
To confirm the presence of nitrogen in the nanotubes, Raman analysis was
performed using a Raman microscope (Bruker Senterra). The measurements
were carried out using a 532 nm laser at 5 mW. The microscope was set to a 20 X
magnification.
Figure 5.2 shows a representative Raman spectra for 5 different points of the
benzylamine carpet. The plot shows two maxima at 1343 cm−1 and 1575 cm−1.
The broadening of the two peaks causes the signals to overlap. The spectra does
not show the radial breading modes (RBMS) in the low frequency region between
100 cm−1 and 400 cm−1. It has been proposed that in the case of MWCNTs this
could mean that the sample contains mainly tubes of large diameter (inner diam-
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Figure 5.3: Raman spectra of as grown MWCNT and N-doped MWCNT carpets grown using
benzylamine and Pyrazine as nitrogen sources.
eter larger than 2 nm) [200]. In the high frequency region, close to 2700 cm−1 the
G′ band is visible. This band has been associated to the purity of the nanotubes,
with higher intensities signifying MWCNT with long range order. In the case of
this sample, the intensity of the band is low, which could mean that the tubes
contain certain degree of impurities [201, 202].
A deeper evaluation of the CNT doping can be done comparing the Ra-
man spectra of as grown MWCNT carpets and the spectra of the doped CNTs.
Figure 5.3 combines the Raman signals of two N-doped CNT samples and one
MWCNT carpet. It is clear that the peaks are well defined for the non-doped
sample. The base line has been removed from the plot and the frequency range
restricted to the region of interest.
The peak at 1548 cm−1 corresponds to the G-band which is characteristic in
the spectra of sp2 hybridised carbon. It is arises from the tangential vibration
mode of the carbon atoms along the nanotube plane. This band is well defined
when there is a good formation of graphitised carbon [203, 204].
At 1341 cm−1 the D-band or disorder peak appears. This is an inactive mode
which appears when breaks in the symmetry of the carbon lattice occur. It is thus
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commonly associated with the degree of defects in the nanotube structure, which
can happen through functionalisation, kinks or conversion of the sp2-hybridised
bond into an sp3-hybridisation [139]. Although it is not possible to associate the
intensity of this band to an specific type of defect, the intensity of this band
reflects the crystallinity of the sample.
For the benzylamine and pyrazine samples the size of this band indicates the
presence of doping. The D-peak broadens and merges with the G band. It forms a
shoulder which extends to the frequency 1000 cm−1. This shoulder is not present
in the non-doped samples. It has previously been pointed out that the deconvo-
lution of this band can only be made by introducing extra bands to the spectra.
In particular the I band, which has also been observed in disordered graphitic
carbons. This extra band is the main constituent of the observed shoulder and in
this case accounts for the symmetry breaks caused by the introduction of nitrogen
in the carbon lattice [205].
Research made in N-doped CNT samples shows that an estimation of the
amount of nitrogen doping can be done by calculating the intensity of the D/G
band ratio. An increasing absolute value of this ratio would mean a higher ni-
trogen content in the sample [204, 205]. For the samples analysed in this work,
the average D/G ratio corresponding to the non-doped MWCNT carpets was
0.26 ± 0.021. For the carpets grown with using the pyrazine as nitrogen source
the D/G ratio was 0.886± 0.047 and for the N-doped CNTs grown using benzy-
lamine 0.882 ± 0.06. This results indicate that there is almost no difference in
the amount of nitrogen doping achieved with both precursors.
Using both types of N-dope MWCNT carpets, water-based dispersions were
prepared with the method described in the previous chapter. 1 % mass fraction
of N-doped CNTs were dispersed with 0.25 % mass fraction of SDBS in distilled
water. The mixture was sonicated for 2 h whilst immersed in an ice bath. Samples
prepared with the resulting dispersions were deposited on glass slides and Raman
analysis was performed as described.
Figure 5.4 presents the results of the Raman analysis on the N-doped solutions.
The results confirm that the doping is still present after the dispersion process.
The broaden D-peak can be seen centred around 1347 cm−1 together with the
G-peak at 1576 cm−1. It is worth noting that the intensity of D-band has a
reduced magnitude compared to the intensity of the carpets D-band. This is an
indicator that the introduction of SDBS and the sonication have an effect on the
crystallinity of the nanotubes.
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Figure 5.4: Raman spectra of N-doped MWCNT dispersions prepared using MWCNT carpets
grown with pyrazine and benzylamine.
Figure 5.5: SEM image of N-doped MWCNT dispersions. The image show the size of the
nanotubes has been considerably reduced. A) Solution prepared using the carpets grown with
bezylamine. B) Solutions prepared with the carpets grown unsing pyrazine.
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The ratio of the D/G peaks has also decreased its value to an average of
0.5838 ± 0.016 for the benzylamine dispersion and 0.73 ± 0.009 for the pyrazine
dispersion. These results indicate that the dispersion process has a smaller effect
on the solutions prepared with the carpets grown using pyrazine or that the
functionalisation caused by the surfactant has an effect on the intensity of the
D-band.
This can be better appreciated in the SEM image shown in Figure 5.5. It is
possible to see that the pyrazine dispersion has a higher amount of SDBS on the
surface of the nanotubes and that the nanotubes are stacked in thick bundles.
The benzylamine dispersion shows less surfactant on the surface and nanotube
bundles with smaller diameters.
As expected, the nanotubes in both dispersions have been severely reduced
from their original size. This can be related to enhanced breakage during the
sonication process, which could have been promoted by the defects present in the
nanotube walls. As discussed, the breaking of the nanotubes starts at the sites
where the defects are present.
The Seebeck coefficient of the dispersions was measured using the set-up de-
veloped in Chapter 2. This measurement was performed to corroborate that the
main type of carriers in the dispersion were electrons. Both types of N-doped
dispersions were deposited on Kapton tape and dried for one day at 323 K. Once
the dispersion was completely dried, the film was peeled from the Kapton tape
and placed in the Seebeck measurement set-up using silver paint to fix it to the
stage holder.
The measurements were performed in air in the range 293 K to 323 K. It has
been shown that the Seebeck coefficient does not change over this temperature
range. The measurements performed on 3 samples of pyrazine dispersions re-
sulted in a Seebeck coefficient of (−43 ± 3) µV/K. A similar measurement on the
benzylamine dispersion yielded (−36 ± 4) µV/K.
These results confirm that the majority of carriers in the samples are electrons
and thus the conversion from the intrinsic p-type to n-type behaviour has been
achieved. Compared to the values of the Seebeck coefficient measured on the
CNT films grown by the CVD process, the value of the Seebeck coefficient of
the N-doped dispersions is smaller. Nevertheless, using the synthesis procedure
investigated in this chapter can lead to the fabrication of a thermoelectric device




In this chapter the successful synthesis and characterisation of n-type nanotube
films was presented. The water-based films were produced using the method
described in Chapter 4. These films are necessary for the fabrication of CNT-
based TE devices. The films were produced using nitrogen doped CNTs dispersed
in water.
The doping of nanotubes was achieved using two different nitrogen precursors
during the synthesis of the nanotubes. CNTs produced with pyrazine and benzy-
lamine were characterised to compare the doping effect of these components. This
type of CNT doping introduces free electrons into the lattice network, transform-
ing the intrinsic p-type characteristic of CNTs into an n-type conduction which is
based on electrons. This doping method was preferred over acid doping to avoid
the use of toxic materials and because the resulting material is stable in air.
An analysis of SEM images of the nitrogen doped CNTs showed that both pre-
cursors produced nanotubes of similar diameters. CNTs with diameters of 13 nm
corresponding to large diameter tubes were observed in samples from pyrazine
and benzilamine. These results were confirmed by the absence of RBMs in the
Raman spectra of the samples, which indicates the presence of large multiwalled
nanotubes.
The Raman spectra of the doped nanotubes was used to evaluate the doping of
samples produced with each nitrogen precursor. Higher intensities of the D band
were observed in the nitrogen doped nanotubes when compared to the intensity
of the D band of non-doped nanotubes. The high intensity of the D band present
in the doped nanotubes indicate a higher amount of disruption in the nanotubes
lattice. These disruptions were associated to the inclusion of nitrogen into the
nanotube walls.
The characteristic G band in the Raman spectra of CNTs was also observed
in the pyrazine and benzylamine samples. The calculation of the ratio between
the intensity of the D and G band (D/G ratio), which gives an estimate of the
amount of nitrogen in a sample, showed that both types of precursors produced
nanotubes with a similar amount of nitrogen. The ratio in the two types of
materials was found to be D/G= 0.88.
Water-based dispersions of nanotubes were prepared using CNTs produced
with pyrazine and benzylamine. Analysis of the Raman spectra of these samples
proved that the doping remained after the dispersing process in both types of
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samples. The D/G ratio decreased by 10 % in both samples. This is consistent
with a higher amount of defects introduced to the nanotubes by the addition of
surfactant and sonication.
Finally, a confirmation that the main type carriers in the nitrogen doped
samples are electrons was made by measuring the Seebeck coefficient of the sam-
ples. It was found that both types of samples had negative coefficients which
correspond to n-type semiconducting nanotubes. The samples synthesised using
pyrazine had a higher Seebeck coefficient than the samples produced using ben-
zylamine. This result and the magnitude of the D/G ratio indicates that the
N-doped nanotubes produced using benzylamine should be the CNTs used in the
n-type films for TE devices.
This methodology completes the preparation of the components for the printed
thermoelectrics. The next section will concern the evaluation of the transport
properties of the n-type and p-type films produced from water-based CNT disper-
sions. This final characterisation section will be used to evaluate the performance
of the CNT thermoelectric devices.
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6
Carbon nanotubes thermal properties
To complete the characterisation of the thermoelectric properties of carbon nan-
otube films made from water dispersions and the ones synthesised using the direct
spinning method, it is necessary to measure the thermal conductivity of these ma-
terials. This chapter will focus on the development of set-up and a methodology
to measure the thermal conductivity of films. This equipment will then be used
to compare the thermal conductivities of the different CNT films used in this
work.
The measurement of the thermal conductivity of carbon nanotube fibres and
films may be considered to be a research topic in itself. There are several compli-
cations arising from the measurement of this property in a quasi one-dimensional
material. The size of the sample makes it very susceptible to background noise
signals and heat losses. It is also hard to place the necessary heaters and ther-
mocouples on the sample. There is no standard method or equipment to measure
this property. A very common method used by some groups is the 3ω which
consist on applying an AC current at a frequency ω to a thin stripe of metal de-
posited on the sample. Measuring a third harmonic voltage across the heater at
two different frequencies, the thermal conductivity of the sample can be derived.
This method is very useful because there is almost no radiation losses associated
to it. The drawback is that it requires lithography for the preparation of the
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samples [206–208].
Steady state methods are routinely used to measure thermal conductivity be-
cause they are relatively easy to implement. They require a reference sample and
careful consideration of all the possible heat losses. These could arise from con-
vection through the surrounding medium, heat conduction through the system
wires and thermocouples or heat losses by radiation. All of them should be min-
imised or considered when the calculations are made. There are several variation
of this method, but all of them calculate the thermal conductivity through the
correlation of power inserted to the sample and the temperature change produced
[209, 210].
6.1 Thermal conductivity set-up
In this section a set-up to measure the thermal conductivity of CNT fibres and
films is developed. The set-up uses a steady state method called parallel thermal
conductance (PTC) [209]. It is based on the work of Jakubinek et al. who used it
to measure the thermal conductivity of MWCNT yarns [211]. The method consist
on calculating the conductance of the sample (Ks) by measuring the background
conductance (Kb) or conductance of the set-up and the parallel thermal conduc-
tance, which is produced by the sample contacts and the blackbody radiation
from the sample.
Figure 6.1 shows a diagram of the set-up. It consist of a sample holder con-
nected to the a Keithley 2700 multimeter which continuously measures the tem-
perature of the sample. The sample holder is also connected to a Keithley 2200
power source which is used to set the temperature of the sample. Both devices
are controlled through a LabVIEW program that acquires and records the data.
To minimise the heat losses in the system through radiation and convection,
the sample is placed inside a stainless steel high vacuum chamber. The chamber
is connected to a LEYBOLD TURBOVAC TW 250S turbomolecular pump which
is controlled by a LEYBOLD CONE.TROL 200 and a COMBIVAC IT23 display
system. The rough vacuum needed to start the pump is supplied by an Edwards
XDS10 pump. The pressure of the system is monitored by a THERMOVAC
pressure sensor connected directly to the chamber. This system is capable of
achieving a vacuum of 6 × 10−3 mbar.
The sample holder shown in Figure 6.2.(a) is formed by a 120 kΩ resistor
that works as a heater and an aluminium block. The sample is placed on top
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Figure 6.1: Diagram of the set-up to measure thermal conductivity using the PTC method.
of the heater and the aluminium block using silver paint. The metal block is
connected thermally in series to the chamber and works as a heat sink. The
heater is used to produce the temperature sweeps required by the steady state
method. To monitor accurately the temperature gradient across the sample,
one high precision thermistor (PT1000) is connected directly to the side of the
sample which is in contact with the heater and another thermistor is placed on the
aluminium block. To avoid any inaccuracies in the measurement related to the
wiring of the system, the change in resistance of the thermistors is measured using
a four probe resistance measurement available on the Keithley 2700 multimeter.
Once the sample is placed in the holder, it is introduced into the vacuum cham-
ber and the vacuum system is started. When the pressure reaches 6 × 10−3 mbar,
the power supply applies a constant current to the heater. This increases the
temperature of one side of the sample. The LabVIEW software is programmed
to control the current (I) in order to maintain a constant power input (P) to
the sample. When the temperature gradient (∆T ) reaches an equilibrium, the
temperature is increased again by inputting more power according to P = I2R,
where R is the internal resistance of the heater. This process is repeated in steps
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Figure 6.2: a. Image of the thermal conductivity set-up holder. b. Peeling process of a CNT
film made from a water-based dispersion.
of 50 W until the temperature gradient reaches 40 K.
The process inside the chamber is illustrated in Figure 6.3. The temperature
of the hot side, represented by the red curve, requires time to stabilise after
each power increment. The inset in Figure 6.3 shows the temperature rapidly
increasing until it reaches a stable value. The temperature in the side of the
aluminium block, black curve, remains very close to the ambient temperature.
The small temperature increase observed on the aluminium block is caused by
the radiation process inside the chamber. The magnitude of this process was
quantified and subtracted during the calculations.
In order to account for all the thermal process occurring inside the chamber
and subtract them from the calculation of the thermal conductance of the sample,
the experimental method requires to be run three independent times. In first
run, the system is activated with the camber empty. Using the results from this
measurement, the background conductance (Kb) caused by the radiation of the
heater is calculated. A second experimental run is performed with the sample
in place, but connected only to the hot side of the holder. This measurement is
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Figure 6.3: Plot of the temperature change in the hot side and in the aluminium block during
a experimental run. The inset in this figure shows the detail of one temperature step. The
equipment requires time to stabilise the temperature to a constant value.
used to measure any heat loss due to the radiation of the sample and following
the nomenclature of Jakubinek et al. is recorded as the thermal conductance K3.
In the third final run, the sample is connected to both sides of the holder and the
total conductance is calculated Kt.
The conductance of the sample is thus given by




where Ks is the conductance of the sample, Kt the total conductance, Kb the
background conductance and K3 the conductance associated to the radiation of
the sample.
Plotting the change in the temperature gradient against the power supplied
to the sample, the thermal conductance can be calculated. Figure 6.4 shows
the results of a typical 3-step experimental run for one CNT material. The
slope of each line corresponds to thermal conductances of the chamber, of the
sample connected only to the heater and the total conductance. It is important
to keep the calculation of the slope in the linear region of the curve as the thermal
conductance is linearly related to the power applied (P = Kt,b,3∆T ). Deviations
from this linearity could occur at high values of the temperature gradient. These
deviations would be associated to uncertainties in the measurement or increased
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Figure 6.4: a) Plot of temperature gradient against the power supplied to a thick sample. b)
Plot of temperature gradient against the power supplied to a thin sample.
heat losses. For this reason the temperature gradient was kept below 50 K.
An analysis of the plots in Figure 6.4 reveals that the temperature gradient in
the empty chamber always has the highest value. This is because the only heat
reaching the aluminium block comes from the radiation of the heater. When the
sample is connected to one side and the heat cause by the radiation of the sample
reaches the aluminium block, the value of the temperature gradient is lower in
comparison to the one recorded for the empty chamber. When the sample is
connected to both sides, the heat flow to the heat sink is at is highest, which
results in the lowest temperature gradient from the three experimental runs.
The thickness of the sample is important when performing the measurements,
as the process just described is enhanced when thicker samples are analysed.
Comparing the results of two samples with different dimensions in Figure 6.4.
The thicker sample in Figure 6.4.(a) produces a higher difference between the
three temperature gradients. When the sample is very thin, there is almost no
difference between the gradients, which complicates the calculations. The system
is thus restricted by the dimensions of the sample.
The system was calibrated measuring the thermal conductance of a thin film
of copper. The dimensions of the film are shown in Table 6.1. The thickness of
the sample was measured using a Mitutoyo 293-330 digital micrometer with a
0.001 mm resolution. A summary of the results of the calibration experiments is
presented in Table 6.1.
Knowing the dimensions of the sample and its thermal conductance, the ther-
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Cross sectional area 2.24× 10−7 m2
Conductance (mW/K)
Kb: background 6.35
K3: sample’s radiation 6.31
Kt: total 15.71
Ks: sample 9.39
Thermal conductivity 403.83 W m−1 K−1
where A is the cross sectional area of the sample and L the length. The thermal
conductivity measured for copper was 403.83 W m−1 K−1, which is very close to
the nominal value of 401 W m−1 K−1.
The thermal conductivity of different carbon nanotube based materials was
evaluated. Films produced by direct spinning from a catalyst CVD furnace were
cut to exact same dimensions using a laser cutter. To evaluate the effect of the
alignment of the tubes on the thermal conductivity a batch was cut parallel to the
general tube alignment and another batch was cut in a perpendicular direction.
To increase the thickness of these samples, several films from the same batch
where placed at the same time on the holder.
CNT films prepared from water based dispersions were also analysed. Disper-
sion with a 2 % mass fraction of MWCNT and 1 % mass fraction of SDBS were
prepare and deposited on Kapton tape. They were dried for one day at 323 K and
peeled from the tape as see in Figure 6.2.(b) Two types of films were prepared,
one batch of nitrogen doped films and one batch of non-doped MWCNTs.
The accurate characterisation of the dimensions of the sample is fundamental
for the calculation of the thermal conductivity. In the case the CNT films, the
most difficult dimension to measure is the thickness of the film. To address this
problem, an optical profilometer Wylko NT3300 was used. The samples were
placed on a glass slide and rinsed with acetone to flatten them. Measurements of
the sample’s profile were performed in different sections of the films. Figure 6.5
shows an image of the profile of one sample. The heat map is the profile of a
whole section of the film and the histogram shows the thickness distribution of
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Figure 6.5: Measurement of the thickness of a film using a profilometer
the region.
Table 6.2: Results of the thermal conductivity measurements on different CNT samples.
Material Nanotube alignment Thermal conductivity W m−1 K−1
CVD film perpendicular 75.9743
CVD film parallel 123.2593
MWCNT dispersion random 6.9691
N-doped dispersion random 0.8621
Table 6.2 summarises the properties and the result of the measurement per-
formed on the different materials. The films grown directly from the CVD method
have a better thermal conductivity that those prepared from the water based so-
lutions. This can be explained by taking into account that the size of the tubes
decreases during sonication, which introduces more nanotube junctions. This
junctions are phonon barriers which decrease the thermal conductivity of the
sample. In the same way the introduction of SDBS particles into the nanotube
network work as phonon and electron barriers.
From the two types of CVD films, those which were cut along the main di-
rection of alignment of the tubes show a slightly higher value than their counter-
parts. The effect of the direction of alignment on the thermal conductivity is not
as strong as the introduction of external particles in the CNT network, but the
results suggest that the thermal conductivity is enhanced when the nanotubes
are aligned in the direction of the heat flow. This occurs if the main contribution
to the thermal transport are phonon travelling along the length of the tube.
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Comparing the nanotube films made from the water dispersions. Those with
N-doped CNT have a lower thermal conductivity than the non-doped films. This
can be attributed to the amount of defects on the carbon lattice which are in-
troduced during the doping process. As discussed in the previous chapter, the
introduction of nitrogen breaks the symmetry of the lattice, which causes the
scattering of phonon and electrons. It is worth noting that very low thermal con-
ductivities are desirable in thermoelectric materials. Therefore, producing films
from carbon nanotube dispersions is a promising approach for thermoelectric ap-
plications.
6.2 Thermal stability
Using a custom-made 4-probe set-up, the maximum working temperature of the
CNT films made from dispersions was evaluated. The system consisted of a
sample holder for a 4-probe measurement which was introduced into a furnace.
The temperature of the furnace was controlled using a labVIEW program. The
program also recorded the resistance of the sample during the experimental run.
All the experiments were made in air.
In the first experiment, the sample was heated to 523 K and then it was
cooled down. After the sample reached ambient temperature, it was heated again
to 523 K. Figure 6.6 shows a typical curve of resistance versus temperature of a
CNT sample. During the first heating, the resistance of the sample decreases with
the increase of temperature. When it cools down, the resistance of the sample
remains at this value. During the second heating and cooling the resistance
displays almost no changes.
The decrease in resistance during the first heating can be attributed to the
evaporation of water and some other particles present in the sample. This is an
annealing process that can be reverted if the sample is left exposed to oxygen
and water molecules from the environment.
In a second experimental run which was designed to evaluate the maximum
working temperature of a conductive CNT track. A pre-annealed sample was
heated until the resistance of sample dropped. Figure 6.7 shows the result of
this experiment. The sample is stable until ≈623 K when the carbon nanotube
network starts to disintegrate until it is broken and there are no paths for the
flow of electrons. This occurred at approximately 723 K.
This result is important because it shows that when the CNT conductive
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Figure 6.6: Change of resistance with temperature of a CNT sample.




tracks are used in electronic or thermoelectric devices, the maximum temperature
at which they can be exposed is close to 670 K.
6.3 Conclusions
The methodology used in this chapter to calculate the thermal conductivity con-
sists in measuring the thermal conductance of the sample to correlate it to the
thermal conductivity of the material. The nature of the measurement requires
the quantification of the heat losses associated to the background radiation of the
system and the radiation of the sample itself. To measure this two quantities it
is necessary to carry out two independent experimental runs. The first one with
an empty chamber is used to calculate the background radiation. The second one
with the sample connected only to the heat source serves to calculate the sample’s
radiation. Finally a third measurement with the sample connected to the heat
source and heat sink gives the total conductance of the system from which the
conductance of the sample can be obtained.
This method is a steady-state technique in which the temperature of the heat
source is slowly increased in small steps. Between each temperature increase, the
temperature must reach an equilibrium and this increases the amount of time
needed per experimental run. Each sample requires three experimental runs for
one measurement of thermal conductivity. Furthermore, as the measurement
has to be performed in high vacuum to minimise the heat losses associated to
radiation and eliminate heat losses caused by convection, the overall time required
to characterise one sample is more than one day. This can be considered the main
disadvantage of this method compared to other techniques like the 3ω method
that only require a few minutes per measurement. But the principal advantage of
the parallel thermal conductance technique is that it requires almost no sample
preparation and can accommodate different sample morphologies.
As shown in the first part of this chapter, the thermal conductivity of films of
different thickness and single fibres of a few microns can be measured. The sample
holder of the set-up allows for different lengths and a range of morphologies.
Once the sample is cut to the required dimensions it only needs to be attached to
the holder using conductive silver paint. The thermal conductivity of the silver
paint is not known, but it is assumed to be higher or at least the same order of
magnitude than the thermal conductivity of the samples that were analysed.
If the thermal conductivity of the material used at the interface between the
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heat source, the heat sink and the sample had a low thermal conductivity; the
heat transferred from the heater to the sample would be lower and the same
would occur at the sink side. The radiation at the interface would also have a
higher value than with a highly thermally conductive material. The fact that
the thermistor that measures the temperature at the heater and at the sink side
is placed at the interface and not in direct contact with the sample or the heat
sink/source, guarantees that the heat losses associated to the thermal conductiv-
ity of the interface materials are accounted for. The only effect that this would
have is on the amount of power needed to increase the temperature at the heat
source side. The heat losses attributed to the radiation of the silver paint are
quantified during the thermal conductance background measurements.
The limits of the method are given by the thermal conductance of the sam-
ple. As it was shown by the experiments, when the conductance is very low,
i.e. it approaches the background thermal conductance, the conductance of the
sample approaches the uncertainty of the measurement. Further experiments to
determine the minimum value that can be measure are needed.
The accuracy of the thermal conductivity measurement depends highly on
the correct determination of the cross sectional area of the sample. In the case of
CNT and other films, two methods have been presented. The thickness of metallic
samples like aluminium, copper, constantan films can be quickly determined using
a micrometer, but for more heterogeneous samples like CNT films or fibres, the
cross sectional area has to be determined by other means. Focused ion beam
microscopy can be used to find the thickness of films and diameter of fibres,
scanning electron microscopy can be used to measure the diameter of fibres and
profilometry could be useful to the determine the thickness of films. In any of
these methods, an average of the dimensions has to be used in the calculation
of the thermal conductivity. This introduces an uncertainty in the measurement
that cannot be avoided in the case of these materials.
The results from the thermal stability measurements carried out in CNT films
show the highest temperature at which this material can operate in air if it is used
to conduct electricity. The resistivity of the samples analysed starts increasing
when the sample is exposed to more 700 K in air. This is consistent with the
results obtained from the thermogravimetric analysis in Chapter 4. After 570 K
amorphous carbon, small diameter nanotubes and defective tubes start degrading.
When these material burn, they deteriorate the carbon nanotube network causing
an irreversible increase in the overall resistivity of the material.
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If the CNT network is exposed to lower temperatures than the breaking point,
the effect is completely different. During the first exposure to high temperatures,
the resistivity of the sample decreases. This is attributed to an annealing process
that removes water particles and residues of the CNT synthesis. This effect can
be partially reversed if the sample is exposed again to an ambient environment, as
re-absorption of molecules will occur. This result points to the possibility of pre-
treating the CNT films prior to it use in thermoelectric devices. But as pointed
out, it will only have a permanent effect in the conductivity of the material if it
is not exposed to oxygen.
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Summary of characterisation techniques
The objective of this work was to study the thermoelectric properties of car-
bon nanotube based macroscopic materials, in particular carbon nanotube films.
These materials were selected because they can be fabricated using scalable pro-
cesses that can be brought into real world applications. To study the thermo-
electric properties of these materials it is necessary to characterise three key
parameters. The Seebeck coefficient, the thermal conductivity and the electrical
conductivity.
An important contribution of this work was the development of characterisa-
tion equipment that can be use to asses the properties of different types of films.
The methods and equipment developed are not restricted to carbon nanotube
based materials. In the first section of the dissertation, a set-up to evaluate the
Seebeck coefficient of films was fabricated and calibrated using constantan as a
standard material. The results obtained with this equipment are consistent with
the ones reported in literature.
The Seebeck coefficient of three types of CNT films was analysed. Films
spun directly from a CVD furnace showed the highest values reaching up to
70 µV/K. The measured value of the Seebeck coefficient of MWCNT-based films
prepared from water-based dispersions was 60 µV/K. These values are compa-
rable to the Seebeck coefficient reported for other thermoelectric materials like
some antimony-based thermoelectrics and to the best conductive polymers like
poly(3,4-ethylenedioxythiophene)(PEDOT) or doped polyaniline (PANI).
Using the Seebeck coefficient measurement set-up, the type of carriers present
in the semiconducting CNT films was determined. The positive values measured
on as-produced CNT films are attributed to an electronic transport dominated
by positive carriers, making these materials p-type semiconductors. In the case
of constantan and nitrogen doped CNT films, the values measured at room tem-
perature were −40 µV/K and −43 µV/K respectively, showing that electrons are
the main type of carriers in these materials making them n-type semiconductors.
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Two prototypes of thermoelectric devices were manufactured. These devices
proved that energy harvesting using CNT-based thermoelectric devices is possi-
ble. These two first prototypes had problems associated with the manufacture
technique. As the prototypes were hand-made, some of the junctions at the in-
terface of the n-type and p-type legs resulted in poor electrical connections which
highly increased the resistivity of the affected thermoelectric cells. These cells
had to be removed from the finalised devices.
These results were used as the starting point for the design of a new pro-
cess which would improve the manufacture of CNT-based TE devices. Printing
technologies, were envisioned as fast and scalable fabrication methods. A process
of this nature required the CNTs to be dispersed into a printable solutions. As
CNTs are produced as a network of entangled nanotubes, a methodology to dis-
perse them had to be developed. To avoid restricting the possible applications of
these dispersions, water was chosen as the solvent.
As produced, CNTs are not dispersible in water. The different methods avail-
able for the production of water-based CNT dispersions were discussed and the
functionalisation of CNTs through surfactants was selected as the dispersing
methodology. Sodium dodecylbenzene (SDBS) was used as surfactant in the
preparation of CNT dispersions. As the surfactant attaches to the surface of the
nanotubes they render the CNTs dispersible in water, but at the same time, this
molecules work as barrier for the free movement of electrons. For this reason,
and analysis to determine the lowest amount of surfactant necessary to achieve
stable dispersions was carried out.
Carbon nanotubes produced as carpets were disperse in water using ultrason-
ication. Once the nanotubes were dispersed, centrifugation and thermogravimet-
rical analysis were carried out to determine the concentration of nanotubes and
surfactant in the dispersions. The results of this analysis showed that only 0.25 %
mass fraction of SDBS is necessary to disperse carbon nanotubes in water. It was
also found that the highest ratio of surfactant to CNT that should be used is 1:1
as higher ratios did not improve the dispersing process.
The effect that ultrasonication has in the nanotubes was also explored. Using
SEM images, an analysis of the length of the nanotubes of dispersion sonicated
for two and three hours was carried out. This analysis showed that the majority
of CNTs sonicated for three hours were 20 % smaller than the ones sonicated for
two hours. This proved that a minimum sonication time has to be used in order
to minimise the damage to the nanotubes, as shortening or destruction of the
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walls has an effect on the electrical and thermal properties of the nanotubes.
In order to fabricate a TE device made completely with carbon nanotubes,
it was necessary to make CNT dispersions in which the main type of carriers
were electrons. This was achieved by synthesising nitrogen doped carbon nan-
otubes carpets. These N-doped nanotubes were dispersed in water applying the
same methodology used for non-doped CNTs. Two types of nitrogen sources
were explored, benzylamine and pyrazine. The doping effect of these precursors
was studied using Raman spectroscopy. Both types of N-doped CNTs presented
similar spectra associated to the defects introduced by the nitrogen doping. To
confirm that the main carriers were electrons, Seebeck coefficient measurements
were carried out on these dispersions. The measurements in both types of samples
resulted in negative Seebeck coefficients which confirmed the materials as n-type
semiconductors.
As part of the characterisation process of the thermoelectric solutions, a set-up
to measure the thermal conductivity of films was fabricated. The set-up was based
on the measurement of the thermal conductance of the sample. It was demon-
strated that the results obtained were in agreement with the values reported for
the calibration samples. The thermal conductivity of the CNT films was found
to be between 0.68 W m−1 K−1 for the N-doped films and up to 123 W m−1 K−1
for the CNT films synthesised using the direct spinning method.
The thermal resistance of the samples was evaluated by measuring the increase
of resistance of the samples when they were subjected to high temperatures in
air. When the temperature of the samples reached 700 K, the nanotube network
started disintegrating leading to an increase in resistivity. This result showed
that the operating temperature in air of a TE device made from CNTs should be
kept below this point.
The final chapter of this work will focus on the development of a technique to
print p-type and n-type carbon nanotube dispersions. These CNT solutions will
be used to fabricate thermoelectric devices made purely with carbon nanotube
based materials. The performance of this devices will be analysed using the




7.1 3D printing system
The controlled deposition of carbon nanotubes dispersions was achieved using a
custom-made 3D printer. The system is shown in Figure 7.1. It is the integration
of a deposition system and a CNC machine that controls the position of the
printer’s nozzle. The printing head is formed by a TS5000DMP auger valve
connected to a TS500R digital controller.
The system is integrated using the WIPC-NC NC USB controller software.
Using the programming language G-code, the printer head can be positioned
through coordinates (x, y, z) within the working area x =720 mm, y =420 mm
and z =110 mm. The precision of the system is 30 µm.
An air pump supplies 500 kPa to the deposition system. The controller reg-
ulates the pressure supply to the auger valve. The opening of the auger valve is
electronically controlled and it is synchronised with the positioning system using
the CNC machine software.
The internal diameter of the valve’s nozzle can be easily changed. Diameters
from 0.06 mm to 1.55 mm can be selected. The diameter required will depend on
the size of the pattern to be printed and the viscosity of the material. Due to
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Figure 7.1: Custom-made 3D printing set-up for the deposition of CNT dispersions.
the fact that CNTs tend to form agglomerates, the use of nozzles with a diameter
below 0.2 mm is restricted to dispersion with low CNTs concentration, i.e. under
1 % mass fraction of CNT’s.
The deposition system allows for the control of three main parameters: the
concentration of the dispersion (proportional to the viscosity), the pressure in the
nozzle and the speed of deposition. This printing technique requires a continuous
flow of liquid, but it must be properly selected according to the size of the nozzle
and the viscosity of the fluid. The amount and speed of the liquid that comes out
of the nozzle head is controlled by the pressure applied to the valve. Figure 7.2.(A)
shows an image of four different pressure settings. At very low pressure the liquid
is just collected at the nozzle’s opening. As the pressure increases the flow starts
until an optimum pressure setting is reached where a continuous flow is sustained.
The speed of deposition is manipulated by the movement of the CNC machine
arm that holds the nozzle. The machine is capable of moving at a maximum speed
of 4000 mm/min, the nominal speed being half of this value. The speed at which
the arm moves must match the nozzle’s output rate in order to achieve a good
definition of the printed features. Figure 7.2.(B) shows the effect of 3 different
speed depositions. The highest speed normally results in the best definition when
a continuous flow method is used. In the samples shown in the figure, the highest
speed rate available (200 % of the nominal deposition speed) had to be used in
order to print a line with a thickness of 1 mm.
Another important consideration is the distance from the nozzle to the sub-
strate. Using the automatic positioning of the CNC machine, the nozzle can
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Figure 7.2: A) Formation of a continuous flow during the printing process of a CNT dispersion.
B) Effect of the printing speed on the deposition process.
Figure 7.3: A) Working distance of a 0.64 mm nozzle. B) Printing of a CNT dispersion on
glass, metal, polymer and paper.
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Figure 7.4: A) ECNM pattern printed using a CNT dispersion. B) Parallel stripes of CNT’s
printed on polymer. The pattern is made by 60 depositions.
be placed at any distance required. It was found that when the nozzle was po-
sitioned as close as possible to the deposition surface without putting them in
contact, better results were achieved. By using a camera connected to the sys-
tem’s computer and a telephoto lens it was possible to determine that a good
working distance was approximately 0.2 mm. This is illustrated in Figure 7.3.(A)
for a 0.64 mm nozzle.
Using this printing system, CNT dispersions can be deposited on different
materials. These include, metals, glass, paper and polymers (Figure 7.3.(B)).
One key advantage is the possibility of printing on flexible substrates. Complex
patterns like the one shown in Figure 7.4.(A) can be routinely printed. It is only
necessary to have a CAD design of the pattern and input it into the system as
G-code.
The system is also capable of printing very fine features. Figure 7.4.(B) shows
the printing of two parallel stripes of 0.1 mm of thickness. Despite that such fine
detail is achievable, the drawback is that the resistivity drops drastically when
the amount the material deposited decreases. The pattern shown in the figure is
formed by 60 layers printed on top of each other. It was necessary to print that
many layers to achieve a conductive track with a resistivity of ≈100 Ω.
An analysis of the interface between layers of CNT dispersions deposited on
top of each other shows that there is a good contact between them. In Fig-
ure 7.5.(A) an image taken with an FIB microscope shows the cross sectional
area of the deposition of one CNT layer. The thickness of this particular sam-
ple varies between 5.2 µm and 5.9 µm. In this image, the interface between the
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Figure 7.5: A) FIB image of the cross sectional area of a CNT dispersion formed by one
deposition . B) Cross sectional area of CNT printed track formed by 3 layers.
Figure 7.6: A) Plot of the resistance of a CNT deposition as a function of the weight and
length of the sample. B) Plot of the resistance of 3 CNT depositions as a function of the length
the sample. The three samples have a similar mass.
CNTs and the metal is evident. Figure 7.5.(B) shows the cross sectional area of
a deposition of 3 CNT layers. As the image shows, there is no clear interface
between the 3 depositions. This means that using this printing method a good
CNT network can be constructed, which translates in materials that can be used
for electronic transport.
To evaluate the change in resistance as a function of the number of depositions,
samples formed by different number of layers where printed. The results are
plotted in Figure 7.6.(A) As expected the resistance of the sample is inversely
proportional to its mass. As the amount of material increases the nanotube
network grows providing paths for the movement of carriers. This is true for all
samples with the same length. In Figure 7.6.(B), the resistance of three samples of
the same length and almost equal mass is plotted. The resistance of the material
increases proportionally to the length in each sample.
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Figure 7.7: Thermoelectric device made of a printed CNT solution on constantan.
7.2 Printed thermoelectrics
Using this system, CNT-based thermoelectric devices were fabricated. In Chap-
ter 3 the manufacture of devices made with CNT films and constantan was
demonstrated. The first device made with the printer was formed by a leg of
CNT-dispersion printed on a strip of constantan. One feature of the 3D printing
machine is that the height of the nozzle can be precisely modified. This allows
to create structures formed by layers of different materials.
A CNT dispersion with a 2 % mass fraction of CNT’s and 0.5 % of SDBS was
deposited on a stripe of constantan. The constantan leg was cut to 30 mm wide
and 2 cm long. The deposition of the layers is shown in Figure 7.7. The constantan
leg was covered by a layer of nitrocellulose which worked as a insulation layer
between the CNT’s and the constantan. A section of 2 mm was left uncovered
to form the device junction. Before the CNT dispersion was completely dried,
a second layer of insulation and constantan was placed on top to form a second
thermoelectric junction. This process was repeated a third time to form the
thermoelectric device shown in Figure 7.7 which consists of 3 junctions.
Table 7.1: Properties and performance of a thermoelectric device made with constantan and
CNT dispersions.
Resistance (Ω) Seebeck coefficient(µV/K) ∆T (K) Voltage (mV)
n-type leg p-type leg
1 layer 22 -40.3 65.2 5 0.9
3 layers 70 -40.3 65.2 5 2.4
The performance of the device was evaluated applying a temperature gradient
to the junctions. The results are show in Table 7.1. Increasing the number of
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Figure 7.8: A) Heat map of a CNT track showing the temperature in different points. B)
Plot of the temperature distribution in a the same CNT sample.
layers leads to a higher voltage output. The voltage increases linearly with the
number of layers. In contrast to the hand-made device, there is no increase
in resistance due to the contact at the junctions and therefore the current and
voltage losses are reduced.
In order to the determine the optimum size of the CNT leg of a thermoelectric
device, an analysis of temperature distribution along the CNT sample was per-
formed. One of the ends of the sample was placed on a hot plate and the change
of temperature at different distances from the source was monitored using a FLIR
T450sc thermal camera. The layout of the experiment is shown in Figure 7.8.(A).
The temperature of the sample was changed from 25 ◦C to 70 ◦C. The plot of the
evolution of temperature versus time is shown in Figure 7.8.(B). At 75 ◦C the
temperature difference between the heat source and the nearest point at 2.5 mm
is 10 ◦C and the temperature difference between 10 mm and the source is 25 ◦C.
This means that even very short samples will sustain a temperature gradient large
enough to create a voltage difference.
To analyse the stability of a CNT thermoelectric device, three thermoelectric
cells were fabricated using CNT dispersions. The p-type legs of the cells were
made from a CNT dispersion of MWCNT with 2 % mass fraction of nanotubes.
The n-type legs were prepared using a dispersion with the same concentration
but processed with n-doped MWCNT’s.
The voltage of the thermoelectric cells was recorded using a 2182A Keithley
nanovoltmeter. The temperature gradient was calculated measuring the temper-
ature at the hot junction and at the cold end of the TE cell. The results of the
experiment are presented in Figure 7.9. In the first experiment (Figure 7.9.(A)),
the samples were submitted to a temperature gradient of 40 ◦C. The tempera-
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Figure 7.9: A) Voltage delivered by 3 different CNT thermoelectric cells over time. The
legend shows the resistivity of the TE cell, the red curve corresponding to a 3 cm long TE cell
with 1.38 kΩ resistance, the black curve to a sample 2 cm long and 0.85 kΩ resistance and the
blue curve to a 2 cm long TE cell with 0.49 kΩ resistance. B) Voltage produced by the same
CNT cells at different temperature gradients.
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Figure 7.10: Power produced by thermoelectric cells connected to a circuit load. The power
reaches a maximum when the resistance load matches the resistance of the TE cell.
ture at the source was sustained during the experimental run and the change in
voltage was monitored. It can be observed in Figure 7.9.A that once the sample
has achieved the maximum output voltage, it is maintained during the whole
experimental run. This is an important result as it means that the device can be
used continuously over long periods of time.
In a second experiment, the three samples where exposed to different tem-
perature gradients and the output voltage was recorded. Samples with similar
geometries but different resistances were analysed. From the results shown in Fig-
ure 7.9.(B) it is apparent that samples with higher resistances produce a higher
output voltage. It is important to note that this measurements were performed
in an open-circuit configuration. This means that there is no electrical load con-
nected to the device.
The performance of a thermoelectric device can be evaluated by measuring
the output power that it delivers when it is connected to a circuit load. This
configuration would represent the working conditions of a TE device in real world
applications. To simulate this conditions, one thermoelectric cell made of a CNT
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Figure 7.11: Power produced by thermoelectric cells in a closed-circuit configuration. The
first plot corresponds to a cell made with CNT legs joined by a layer of silver paint at the
junction. The second plot shows the voltage of a CNT TE made solely of carbon nanotubes.
p-type leg and one CNT n-type leg was printed and connected to a series of
potentiometers. A temperature gradient was applied to the TE cell and the value
of the resistance connected was increased in small steps.
Figure 7.10 shows the results of the measurement. As the value of the resis-
tance increases, the power output measured in nano watts nW also increases until
it reaches a maximum value. This maximum matches the values of the internal
resistance of the thermoelectric cell. The plot also shows that a small change in
the applied temperature gradient has an immediate effect on the power output,
as it can be seen in the grey-shaded areas. The results of this experiment are
important as they show that the optimum working conditions of any thermo-
electric cell are those where the value of the circuit load matches the internal
resistance of the cell. A similar result has been used by some groups to develop
devices that maximise the power output of thermoelectric devices under changing
working conditions.
To evaluate the effect of interface at the junction of the thermoelectric legs,
two thermoelectric cells were fabricated. The first one was created by joining
two ends of the carbon nanotube legs (p-type and n-type) with a silver interface
between them. The CNT legs were printed from CNT dispersions. The second
cell was also made by printing an n-type leg and joining one of its ends to the
p-type leg, this time putting them into direct contact, without using the silver
paint as interface.
Both TE cells were subjected to similar temperature gradients to evaluate the
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Figure 7.12: Comparison of the power produced by two thermoelectric devices. The image
shows the comparison between the power produced by one TE cell and the one produced by
a device comprised of 4 TE junctions. The first row correspond to devices made without the
silver at the interface and the second row of device made with the silver paint.
performance of both cells. The results presented in Figure 7.11 show that the TE
cell with the silver paint at the interface performs better than the pure CNT TE
device. To further investigate this, two thermoelectric devices formed by three
junctions were printed. The first device comprised junctions with silver paint at
the interface. The second device was formed by pure n-type and p-type junctions.
The comparison of the performance of both type of devices is shown in Fig-
ure 7.12. The results in the first row correspond to the TE device made purely
with CNT dispersions. The second row presents the result of the device where
the silver paint was added to the junction.
When there is no silver paint at the junction, adding TE cells to the device
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Figure 7.13: Measurement of the power produced by two thermoelectric devices subjected
to different temperature gradients. The green curve represents the power output of a TE
device made by one junction and the blue curve the power output of a 4 junctions TE device.
A) Evaluated using temperature gradients ∆T between 0 K and 40 K. B) Evaluated using
temperature gradients ∆T between 0 K and 150 K.
has no effect on the power output. The overall resistance of the printed thermo-
electric increases linearly with the number of cells, but the power output remains
constant. This means that the cells are acting as a bank of resistance and not as
thermoelectric device. This result is confirmed by looking at the plots of the TE
device formed with the silver paint shown at the bottom row. When the TE cells
are joined together, the power output increases linearly. One TE cell produces
6.5 nW at 32 K of temperature difference and 26 nW at 33 K when 4 junctions
are added together.
The power output of two thermoelectric devices produced with the techniques
described so far, was evaluated at different temperature gradients. The results
are show in Figure 7.13. The performance depends on the physical characteristics
of the device, the electrical conductivity of the p-type and n-type legs, their
Seebeck coefficient and their thermal conductivity. Regardless of the difference
in properties, the power output (P) of a TE device has a quadratic dependence
to the temperature difference between the hot and cold end of the device.
P ∼ ∆T 2. (7.1)
To prove the capabilities of this printing method, a thermoelectric device
formed by 9 junctions was printed on a flexible substrate. The device is shown in
Figure 7.14. This device shows one of the key advantages of the method devel-
oped to produce CNT-based thermoelectric which is the possibility of producing




Figure 7.14: 9-junction CNT thermoelectric device printed on Kapton, used to prove the
printing of TE devices on flexible substrates.
Figure 7.15: Figure of merit of the CNT-based thermoelectric devices evaluated at room
temperature as a function of the electrical conductivity.
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The characterisation of the CNT thermoelectric devices is completed by cal-





where α is the Seebeck coefficient, σ the electrical conductivity and λ the thermal
conductivity, is a quantity that represents the efficiency of the TE generators. In
Figure 7.15, the figure of merit at room temperature is plotted for the CNT TE
devices made with p-type and n-type water-based dispersions. The plot shows
the value of the figure of merit for different electrical conductivities. The electri-
cal conductivity of the CNT films depends on several factors, type of nanotubes,
length, number of walls, diameter; but the values of electrical conductivity mea-
sured for this type of films fall within 7800 S m−1 to 14 100 S m−1.
The area enclosed between the red and blue line in Figure 7.15 represents
all the possible values of the figure of merit for the CNT devices. As the prop-
erties of the films change according to the materials used to prepare them and
the fabrication parameters, this plot gives an upper and lower limit to the values
of the figure of merit. The measured values of the Seebeck coefficient were be-
tween 40 µV/K and 80 µV/K and the measured thermal conductivity was between
0.86 W m−1 K−1 and 6.9 W m−1 K−1.
In Figure 7.15, the thermal conductivity defines the limits of the figure of
merit. The maximum values (red line) correspond to films with a thermal con-
ductivity of 0.86 W m−1 K−1 and the minimum values (blue line) to thermal con-
ductivities of 6.9 W m−1 K−1. The changes in thermal conductivity are also caused
by the fabrication parameter of the films. For example, the sonication time can
change the size of the nantoubes; films with smaller nanotubes would have more
nanotube junctions which would increase the phonon scattering and decrease
the thermal conductivity. The same would happen if the amount of surfactant
molecules in the film increases, the thermal conductivity would decrease.
The different fabrication parameters yield values of the figure of merit between
0.001 and 0.035. A deeper study of the fabrication conditions of the CNT films
would be required to understand their effect on the Seebeck coefficient, thermal
and electrical conductivity. This work focused on the characterisation of the TE
devices. The values of the figure of merit obtained can still be optimised and




In this chapter a method to print the dispersions produced in the previous sec-
tions was developed. The system was made by coupling a CNC machine and
dispensing valves capable of depositing CNT dispersions with high weight con-
tent of nanotubes. The system was used to produce TE devices in which the size
and position of the thermoelements were accurately controlled.
Using this system it was possible to print conductive tracks formed by a
network of CNTs on different substrates, i.e. glass, flexible polymers and metals.
This was achieved by a careful control of the experimental parameters associated
to the printing of carbon nanotube dispersions. The system requires the control
of the speed deposition and pressure applied to the nozzles according to the type
of substrate and viscosity of the nanotube dispersion. Complex patters can be
printed with a minimum feature size of 1 mm at speeds of 8 m/min. Although this
is not comparable to traditional inkjet printing methods, which can print features
of up to 30 µm [212], the capacity of printing solutions with high viscosities means
that conductive tracks can be achieved by a single deposition. This is not possible
using traditional inkjet technologies which require several depositions to increase
the conductivity [213].
The thermoelectric devices were printed using water-based CNT inks. The
thermoelements were made from p-type and n-type CNT dispersions. The perfor-
mance of these devices was evaluated by applying different temperature gradients
and recording the power output. The power delivered by the TE device is not the
same when it is measured in an open circuit configuration or when an electric load
is connect to the TE generator. In an open circuit configuration, the resistance
connected to the device is equal to zero and the power output is minimum. When
a load is connected, the maximum power output for a specific thermal gradient
is obtained when the resistance of the load matches the internal resistance of the
device.
This result implies that in real world applications, the efficiency of the ther-
moelectric device is not only determined by the temperature gradient and the
properties of the thermoelements. The power output is also associated to the load
connected. This means that the internal resistance of the TE generator, which is
given by the number of TE elements, has to be designed for every specific type of
application. This is a problem that has been encountered in other types of power
generation technologies, like solar cells. Electronic components known as maxi-
117
Chapter 7. Printed thermoelectric devices
mum power point tracking devices (MPPT) are used to continuously monitor the
operating conditions that maximise the efficiency of the generators. MPPT can
also be used with TE devices and would be a requirement to obtain the highest
conversion efficiency of the generators [214, 215].
The effect of the TE junction discussed in Section 3.3 was further explored
in this chapter. Printed TE devices with silver paint at the interface between
the p-type and n-type thermoelements were fabricated and compared to printed
generators without a metallic interface. It was found that when the metallic
interface was used, several TE junctions could be connected in series and the
power output would increase linearly with the number of junctions. If the metallic
interface was removed from the junction, connecting additional junctions in series
would not have an effect on the power output of the device. The extra junctions
would only increase the resistance of the TE generator.
These effect can be explained in terms of the type of junction formed. When
there is a metallic layer between the two semiconductors, an ohmic contact or
a Schottky barrier is formed, then the carrier concentration is increased in the
hot side and the current flows through the device. When there in no metallic
layer, the p-type and n-type semiconductor are in direct contact, this forms a
p-n junction that generates a localised depletion zone at the junction. When
the negative charges diffuse into the p-side, they recombine with holes near the
junction creating a negatively charged area. The opposite effect occurs with the
holes from the p-type semiconductor migrating into the n-side of the junction.
The charged regions near the junction create an electric field that opposes the
movement of carriers limiting the power output of the device. This highlights the
importance of the metallic interface at the junction.
The final characterisation of the CNT thermoelectric devices was made by
calculating the figure of merit at room temperature. The value of the figure
of merit is highly dependant on the thermal and electrical conductivities of the
samples. The values of the figure of merit were found to be in a region between
0.001 and 0.035. This places the efficiency of the CNT devices at least one order
of magnitude below that of the highest figures of merit recorded in the best
thermoelectric materials (ZT ≈ 0.8), but comparable to thermoelectric devices
made with organic materials and doped polymers [97].
Comparing the devices made with this printing method to the hand-made
devices presented in the first part of this work. Several advantages can be pointed
out. The controlled deposition allows for the creation of complex patterns, the
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ease of using an automated method improves the amount of time spent in the
fabrication of the devices. Flexible devices is another advantage that this method
provides, the hand-made devices had to be rigid to maintain the integrity of the
junction. A critical improvement achieved with this method is the quality of the
junctions. As the materials dry on top of each other when they are deposited, the
peeling process that ruined the junctions in the first prototypes does not occur.
This also improves the contact resistance at the junction, which was described as
a key parameter in the fabrication of thermoelectric generators.
These results were obtained from a first approach using this specific printing
method. There is still plenty of room for improvement, which requires more




Conclusions and future work
The aim of this work was to develop a methodology for the fabrication and char-
acterisation of thermoelectric devices made with carbon nanotubes films. It was
decided that the work would focus on the development of power generators. For
this reason an important requirement of this work was the development of proto-
types that demonstrated the feasibility of transforming temperature differences
into power using carbon nanotubes.
Careful evaluation of the theoretical background and literature available re-
garding the thermoelectric phenomena in different materials, indicated that it is
necessary to evaluate three material properties associated to the thermoelectric
characteristics of the CNTs. The electrical conductivity, Seebeck coefficient and
Thermal conductivity. From these properties, electrical conductivity measure-
ments could be carried out using the ready available 4-probe method technique.
But the characterisation of the Seebeck coefficient and the thermal conductivity
required the development of specialised equipment.
Carbon nanotube films can be produced from CNT carpets using different
methods, all of them require the processing of the nanotubes into a liquid solution
which is later deposited and dried to form the CNT film. Another available
method to produce films is the directly spinning of the CNT film from the hot
zone of a CVD reactor. Due to the fact that this technique is a one-step processing
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method, it was decided to use this material in the first stage of this work.
This first part involved the characterisation of the Seebeck coefficient of the
material. The different techniques available for the measurement of this property
were analysed. Considering the geometry of the material, a film of a few microns
of thickness, the equipment required and the accuracy of the methods; it was
decided to fabricate a 2-probe set-up to measure the Seebeck coefficient which
would use a quasi-steady technique in which the sample is subjected to different
temperature gradients and the voltage generated is recorded.
The fabrication of the set-up was discussed and the experimental parameters
for a reliable measurement were defined. The set-up was evaluated using constant
films, a material which is commonly used as reference in this type of measure-
ments. The results of the measurements of the Seebeck coefficient of constantan
(−40 µV K−1) were in agreement with the values reported in literature[75, 77].
The Seebeck coefficient measurement on the CVD produced CNT films resulted
in positive values between 40 µV K−1 and 80 µV K−1. In literature it is reported
that the CNTs have an intrinsic positive Seebeck coefficient value that has been
associated to oxygen doping [186]. This was confirmed by the results of the
measurements in this work.
The carbon nanotubes in these type of films are oriented parallel to the lon-
gitudinal axis of the film, which is defined by the direction in which it was spun.
Measurements of electrical conductivity have reported difference according to the
direction in which the measurement is made [216]. In the case of the Seebeck co-
efficient, the alignment of the tubes had little effect on the value measured along
the main direction of orientation of the nanotubes or measured perpendicularly.
The reported values are very similar in both directions.
The magnitude of the Seebeck coefficient measured in carbon nanotube films
is not as high as standard thermoelectric materials, like bismuth telluride (≈
150 µV K) [87] or lead telluride (≈ 200 µV K) [90]. But it places this material
close to any other organic thermoelectric, which can be used in applications where
flexible and light weight materials are required.
One of the main advantages of the set-up developed to measure the Seebeck
coefficient that it is not restricted to a specific material, it can be used different
types of films as it was demonstrated. It also allows for films with different
geometries. The limitations of this set-up are that measurements can only be
performed in a very small temperature range, from room temperature to ≈ 400 K
and currently can only be done in air.
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Future work would include improvements to this set-up to allow the char-
acterisation of the Seebeck coefficient of films in a much broader temperature
range. This could be achieve by introducing additional heaters to the chamber
not in contact with the sample and designing a new holder which can be placed
in a cryostat. Regarding the measurements performed in the CNT films, the
evaluation of the Seebeck coefficient in vacuum or other atmospheres would also
complete the characterisation of this property. Measurements on films produced
with carbon precursors other than toluene should be performed to correlate the
Seebeck coefficient to the parameters of the CVD process.
After the evaluation of the Seebeck coefficient of constantan and the CVD
CNT films, the first thermoelectric prototypes were fabricated. A TE device
requires the creation of a junction between a p-type conductor and an n-type
conductor. As the main types of carriers in constantan are electrons, it is an n-
type conductor. In the case of the the CNT films, the positive Seebeck coefficient
indicates that the main type of carriers are holes, which makes it a p-type semi-
conductor. Taking this into account and the similar magnitude of the Seebeck
coefficient of both materials, these films were selected to form a TE device.
The method used for the manufacture of the TE generator involved several
steps, from laser cutting the films to specific dimensions to the manual creation
of the metallic junction at the interface of the p-type and n-type legs. This
process was slow and prone to errors, as it was shown when the junctions in the
first prototype failed due to an increase in the contact resistance at the junction.
This first prototype produced 1.9 V when subjected to a temperature gradient of
220 K. A second device where the manufacture process was improved and the
dimensions of the devices decreased, resulted in a TE generator that produced
2.4 V under the same temperature gradient.
These devices proved that it was possible to generate power using the CNT
films, but they also showed that the manufacture process could be greatly im-
proved. The key results obtained were related to the scalability of the TE genera-
tor and the quality of the junctions. When the device dimensions where optimised
and the number of TE junctions increased, the voltage produced by the device
increased proportionally. It was also shown that the resistance at the junction
plays an important part on the overall conversion efficiency of the TE genera-
tor. When the resistance of the contact between the thermoelements increases, it
leads to heat loses and diminished flow of carriers at the junction, which directly
affects the efficiency of the device.
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These results motivated the search for a new manufacture method in which
the dimensions of the thermoelements could be controlled and the quality of their
junction improved. Printing technologies are good alternative for the controlled
deposition of the CNTs, but they required the nanotubes to be dispersed into a
printable solution.
An analysis of the theoretical background of nanotube dispersions resulted in
the decision of dispersing the nanotubes in water using sodium dodecylbenzemne
(SDBS) as the dispersing agent. This dispersing methodology was a good com-
promise between a method that avoided toxic elements and the lowest damage
possible to the structure of the nanotubes. As carbon nanotubes are hydrophobic,
the use of a surfactant was necessary to disperse them in water. To introduce
the surfactant molecules between the nanotubes, energy has to be applied to
the nanotube bundles to separate the tubes. This energy was supplied through
sonication with an ultra sonication horn.
Both processes, addition of surfactant and sonication, have an effect on the
CNT network. The surfactant molecules create barriers for the free movement of
carriers through the nanotube network. The sonication damages the nanotube
walls and shortens the tubes which also affects the path of the carriers by cre-
ating more nanotube junctions. Because of these two effects, the experimental
parameters to find the minimum amount of SDBS required to disperse the tubes
were explored. This resulted in a minimum 0.25 wt% of surfactant per 1 wt% of
CNTs.
The effect of the sonication was explored by comparing the size of the nan-
otubes after different sonication times. The technique presented involved the
analysis of SEM images of nanotubes sonicated for two and three hours. This
analysis resulted in curves that described the nanotube size distribution in the
samples. After two hours of sonication the majority of nanotubes were about
4 µm long. One extra hour of sonication shortened the tubes by 20 %.
The measurement of the length of the nanotubes in films is a hard prob-
lem to attack. As produced, the nanotubes in the films are interlaced between
themselves, this makes it difficult to measurement the length of the nanotubes
using any imaging analysis as it is not possible to see where the nanotube starts
or where it ends. Using the technique presented here, the initial nanotube size
could be extrapolated from the measurement of the nanotube size after different
sonication times. The drawback from this technique is the amount of time that
the analysis of the SEM images requires. But this could be done using special
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software for image analysis.
To fabricate a fully printed TE device from CNT water-based dispersions, it
was necessary to produce an n-type nanotube dispersion. To modify the intrinsic
p-type characteristics of the nanotubes it is necessary to dope them with an elec-
tron donor. In this work, the doping was made through substitutional nitrogen.
This type of doping was chosen because it is stable in air. CNTs were synthesised
using CVD and pyrazine and benzylamine as nitrogen precursors. The doped
nanotubes were dispersed in water and the doping was evaluated through Raman
spectroscopy and measurements of the Seebeck coefficient. These measurements
resulted in values between −36 µV K−1 and −46 µV K−1 which confirmed the n-
type semiconducting nature of the doped samples.
Thermal conductivity measurements were carried out to conclude the char-
acterisation of the CNT films. A parallel thermal conductance method was used
to measure the conductance of the sample and correlate it to its thermal conduc-
tivity. This steady-sate method was chosen because it requires almost no sample
preparation and it allows the easy measurement of conductance in several sample
morphologies like fibres or films. A set-up was built to perform this measure-
ments. The manufacture of the set-up and the experimental parameters were
presented. The system was calibrated by measuring the thermal conductivity of
copper films. The obtained value was 403 W m−1 K−1 which is almost the same
as the nominal value of 401 W m−1 K−1.
The thermal conductivity of different CNT films was evaluated. The lowest
thermal conductivity was found to be 0.86 W m−1 K−1 and it was measured in the
nitrogen doped films made from the CNT water dispersions. The highest value
was 123 W m−1 K−1 for the CVD CNT films measured along the main direction
of the nanotubes alignment.
As discussed before, the dispersing process creates disruptions in the nanotube
network. These disruptions act as barriers for the movement of carriers and are
also phonon scattering points. Since the conduction of heat in the material is
done by a combination of carrier and phonon movement, the CNT films made
from water dispersions are expected to have lower thermal conductivities than
the films synthesised directly from the CVD method. This is consistent with the
measured values of thermal conductivity. In the case of the doped samples, it was
shown using Raman analysis that there is a higher amount of defects present in
the nanotube lattice. This defects are introduced by the substitutional nitrogen
atoms. This is the reason why the lowest thermal conductivity was found in the
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N-doped films.
The method presented to measure the thermal conductivity relies heavily on a
good determination of the dimensions of the sample. In the case of solid materials,
like the copper films, this does not represent a problem. The method assumes
that the cross-sectional area of the sample is constant. This is not true for the
CNT films, which have empty spaces between nanotubes. Further studies have
to be made to calculate an scaling factor that consider this type of morphology.
If a smaller cross-sectional area is considered for the CNT films, the magnitude
of the thermal conductivity will also decrease.
In the final section of this dissertation, thermoelectric devices made from
dispersions of CNTs were fabricated. In order to deposit the dispersions in a
controlled manner, a system to print the CNT solutions was built. This system
is capable of printing CNT dispersions with a high content of CNTs, which is
necessary to have conductive tracks.
Dispersions of p-type and n-type nanotubes where printed on Kapton to form
the legs of thermoelectric devices made from several TE junctions in series. The
evaluation of the power output of these devices revealed important parameters
that control the efficiency of the Te generators. It was found that the maximum
power output of the devices was achieved when an electrical load matching the
internal resistance of the generator was connected to the device. The lowest
power output was seen when the measurement was made on a device with no
electrical load. This result showed that not only the thermoelectric properties of
the thermoelements control the efficiency of a thermoelectric generator, but also
the type of application in which the device is used.
Printing thermoelectric devices with no metallic interface at the junction be-
tween the thermoelements showed the importance of the interface. When the
metal was present Schottky barriers were formed between the metal and the
semiconductor. These type of junction promoted the movement of carriers and
therefore the power generation. When the metal was removed from the interface,
a pure p-n junction was formed with strong localised energy fields that reduced
the movement of carriers and decreased the efficiency of the device.
In this work, silver paint was used as a metallic interface, but as it was dis-
cussed, other types of metals could be used to improve even further the junction
between the thermoelements. In fact, the enhancement of the flow of carriers at
the junction can be done if more than one metal is used at the same time in the
metallic interface. A metal that matches the p-type and creates a low Schottky
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barrier at the p-side and a different metal that creates an ohmic contact at the
n-type interface.
When the printed TE devices were made, the CNT dispersions were deposited
with the printer, but the silver paint was added manually. Further improvements
to the printing equipment should allow the deposition of different materials at
the same time. The additional equipment would have to include printer heads
capable of depositing metals.
The evaluation of the figure of merit of the CNT thermoelectric devices yielded
a maximum figure of merit at room temperature of ZT = 0.035. This value is at
least 20 times smaller than established thermoelectric materials (ZT > 0.8), but
it has the advantage of being a non optimised value. Further research can be done
to improve this figure of merit. Different solvents can be explored, other types
doping which could improve the electrical conductivity or the Seebeck coefficient.
The CNT dispersions could also be prepared using pre-selected nanotubes, for
example, dispersions of only single walled nanotubes. Films containing a higher
amount of metallic nanotubes can also be explored. Combinations of conductive
polymers and nanotubes could be used instead of surfactants to improve the
electrical conductivity of the dispersions.
The field of organic thermoelectrics is still being developed and there are
many routes that can be explored to improve the efficiencies and manufacturing
processes of TE generators. This work showed one of these possible routes of
improvement, starting from a device made from the combination of organic and
metal thermoelements to the development of a printing technology that can be
used to manufacture flexible organic thermoelectrics.
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